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ABSTRACT
The design of high power lasers requires large mode areas to overcome various intensity
driven nonlinear effects. Increasing the aperture size within the laser can overcome these effects,
but typically result in multi-transverse mode output and reduced beam quality, limiting the
brightness of the system. As one possible solution, the angular selectivity of a diffractive optical
element is proposed as a spatial filter, allowing for the design of compact high brightness sources
not possible with conventional methods of transverse mode selection. This thesis explores the
angular selectivity of volume Bragg gratings (VBGs) and their use as spatial transverse mode
filters in a laser resonator.
Selection of the fundamental mode of a resonator is explored using transmission Bragg
gratings (TBGs) as the spatial filter. Simulations and experimental measurements are made for a
planar, 1 cm long resonator demonstrating near diffraction limited output (M2 < 1.4) for aperture
sizes as large as 2.0 mm. Applications to novel fiber laser designs are explored. Single mode
operation of a multi-mode Yb3+ doped ribbon fiber laser (core dimensions of 107.8 μm x 8.3 μm)
is obtained using a single transmission VBG as the filter in an external cavity resonator.
Finally, a novel method of selecting a pure higher order mode to oscillate within the gain
medium while simultaneously converting this higher order mode to a fundamental mode at an
output coupler is proposed and demonstrated. A multiplexed transmission VBG is used as the
mode converting element, selecting the 12th higher order mode for amplifications in an Yb3+
doped ribbon fiber laser, while converting the higher order mode of a laser resonator to a single
lobed output beam with diffraction limited divergence.
iii
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CHAPTER ONE: INTRODUCTION
Shortly after Maiman’s invention of the Ruby laser in 1960 [1], many new applications
for this new light source were found. The laser offered many advantages over traditional light
sources which could not be ignored. The high power and highly direction output produced higher
intensities in a narrower spectral bandwidth than could be achieved with traditional light sources,
and resulted in many practical and often destructive applications. Today, lasers have found many
uses relying on these advantages, such as range finding [2], display [3,4], communication [5–7],
industrial machining [8–10], oil drilling and mining [11–13], missile defense [14–17], and space
applications [18,19]. Modern improvements of the laser have thus generally sought to further
improve these advantages by increasing total output power, decreasing the spectral width, and
reducing the package size so that materials can be cut quicker with better precision, displays
brighter, and targets disabled at further distances.
Improvements on output power have followed two distinct paths: high peak power, and
high continuous-wave (CW) power. High peak power, defined as energy per pulse divided by
pulse width, has historically been improved with decreasing pulse width and is the area which
received the earliest improvements. The first improvements came in 1962 with a technique later
known as Q-switching [20]. This technique allowed for large energies to be stored with the
cavity in a high loss state, only to quickly switch the cavity to a low loss state and emit the stored
energy in a single high energy pulse. High peak powers could be achieved at the cost of reduced
average power. Today this technique allows for pulse energies of several joules with pulse
widths in the nanosecond range.
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The second main advancement in high peak power has been in mode-locking. Modelocking was first theoretically modeled and predicted by Lamb [21] in 1964, and later
experimentally validated by Hargrove et, al in 1964 [22]. As in Q-switching, cavity quality is
switched on and off to allow energy to be stored in the cavity and released at once. However, the
switching occurs in resonance with the roundtrip travel time of the pulses. A pulse travels
through the Q-switch, the pulse experiences no losses, allowing the pulse to be re-amplified.
Shortly after, the q-switch switches allowing energy to build back up in the gain material. With
such advances, pulse widths from the picosecond range down to the femtosecond range and
below have been invented. Such low pulse widths allow even small pulse energies in the
millijoule range to produce peak powers in the terawatt range [23].
Conversely, high CW output power has taken relatively longer to realize. Early barriers,
such as low pumping efficiency, and high thermal loading prevented the construction of high
power CW lasers. The development of high efficiency laser diodes has solved many of these
design challenges, and several 100 kW CW lasers have since been designed [15,24]. Design for
such systems requires large mode areas to overcome the thermal or other nonlinear limitations.
The main figure of merit typically sought after in both CW and pulsed systems is the
radiance (hereafter referred to as brightness), which is the power per area per steradian. The
design of high brightness lasers requires a combination of high beam quality and high output
power. Secondly, these lasers have been used or proposed in many systems requiring high
portability. Launching the system in an aircraft or space vehicle can place strict requirements on
the total size of the system, necessitating small cavity lengths. However, the design of lasers can
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often require a compromise in one of these three categories: Output power, beam quality, or
cavity length.
A need therefore exists for the design of laser resonators with large mode area and short
cavity lengths which cannot be realized with current techniques. Holographic elements allow for
such filtering by using the angular selectivity of the elements. The main goal of this dissertation
is to study applications of volume holographic optical elements to the design of compact laser
resonators with single transverse mode beams and large mode areas. These laser resonators could
then be used for power scaling. An overview of high power lasers is given, followed by
background on holographic elements and our original development of the use of such elements
for brightness increase in laser cavities, finally ending with future research potential of such
elements as mode selectors in laser cavities.
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CHAPTER TWO: MOTIVATION AND METHODS OF TRANSVERSE
MODE SELECTION
Power scaling in lasers is frequently limited by many nonlinear effects, such as thermal
lensing, stimulated Brillouin scattering, and stimulated Raman scattering [25–29]. These effects
are dependent on the intensity of the light, and can be suppressed by increasing the aperture of
the laser. However, while increasing the aperture allows for increased output power, it does not
always correspond with an increased intensity or brightness of the system. For many
applications, power must be directed onto a target, and total power is not as important as peak
intensity or power in the bucket. For this application, the spatial coherence and brightness of the
system are the most important measures. For the scope of this dissertation, a history of high
power lasers, and methods of power scaling and brightness enhancement are given, showing a
need for the use of holographic elements to simplify systems.
Depending on the scenario, the definition of a transverse mode varies. In free space, they
are the solutions to the Helmholtz equations, while in a resonator they are a spatial distribution
which self-reproduces after one round trip [30], and in a waveguide they are the spatial profiles
representing the discrete propagation constants representing a solution to the wave equation [31].
In each case, although their exact spatial distribution differs, they have similar properties. These
will be briefly discussed to better understand their effect on brightness and how they can be
selected using holographic elements
Typically, transverse mode selection in laser resonators has been accomplished by the use
of an aperture [32]. By placing an aperture at the far field of the intensity inside the resonator,
the higher spatial frequencies will be blocked, and only the lower order modes will have greater
4

gain than losses inside the resonator. Early experimental work by Baker and Peters showed that
using a 4-F spatial filter inside the resonator both decreased the angular content of the beam, and
increased the peak intensity in the far field [32]. Despite the any loss to the total power,
transverse mode selection can improve the spatial coherence and radiance of the laser source. As
previously discussed, increasing the aperture of the source allows for higher power levels, at the
cost of increasing the number of transverse modes within the resonator. More efficient tools for
mode selection are therefore needed for these sources with larger mode areas and compact
designs. A brief overview of mode selection techniques will be given, as well as their costs and
benefits.

2.1. Diode Pumped Solid State Lasers
Laser action was first observed by Maiman [1] and earlier predicted by Schawlow and
Townes [33]. Chief amongst these results is that for atomic systems which can be simplified to
three or four energy levels can achieve lasing if some outside energy source can properly excite
electrons from the ground level to a higher energy level. Given the proper ratio of the various
decay rates to lower energy levels, more electrons will be pumped into higher energy levels then
will decay through spontaneous emission to lower energy levels, leading to a population
inversion and allowing for optical amplification.
Analysis on lasers based on rate equations have been developed by Yariv [34], and
complete quantum mechanical descriptions have been developed by Lamb in 1964 [21]. These
equations are powerful, but can be cumbersome to predict output power of a laser system.
Further analysis has been done by Rigrod to formally describe output power [35].
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Although diode-pumped solid state lasers (DPSSL) have been toyed around with since
the invention of the GaAs diode in the 1960’s [36], it wasn’t until the 1980’s that such systems
became practical [37]. It was at this time that diode lasers made the transition from operating
with limited output power, requiring cryogenic operating temperatures, with short operating
lifetimes to the high powered, room temperature light source that they are today. Costs of such
systems are continually dropping, and lamp pumping has nearly disappeared. With narrowband,
high output power diodes available, high power DPSSL’s have become possible.
With the benefit of solid state lasers over diode lasers being higher brightness with high
beam quality, design of solid state lasers have focused on improving the output power while
maintaining a high beam quality. As power in the resonator increases, thermal lensing becomes a
larger problem, and reduces the beam quality.
Overcoming these limitations requires both the generation of large mode areas to reduce
the thermal loading, as well as improving the surface area to volume ratio of the crystal for
improved cooling. Several frequently used designs of the gain medium have come from this
principle: a long rod, a thin slab, the thin disk, and the fiber. Rod type systems have been in use
since the beginning of solid state laser science, as they are the easiest crystals to construct and
offer the simplest design [38–40].
Slab type systems are long, thin and wide. The wide dimensions for the top and bottom
surface allow for large surface areas, while a thinner slab provides a smaller volume, facilitating
easy transfer of heat out of the cooling surfaces. However, the rectangular shape of the facets of
the crystal lead to a preferred generation of an elliptical beam. Such systems have been
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effectively used for high peak power lasers, including the 500TW peak power laser used by the
NIF for laser-induced fusion [41].
Finally, there is the thin disk laser [42,29,43,44]. A thin, low doped disk is used in a
hemispherical cavity. The thin profile allows heat to be easily transferred through the large
surface area of the back surface, where a heat sink and cooling fluid might be attached. The low
dopant concentration allows for lower thermal loading from the pump, but has the side effect of
low pump absorption. To improve pumping efficiency, a system of mirrors might be aligned to
allow multiple reflections from the pump. Such systems allow for single mode output in the
kilowatt range, and commercially available systems with multi-mode output are available up to
the tens of kilowatts.

2.1.1. Transverse modes
Early descriptions of transverse modes came from numerical calculations from Fox and
Li [45,30,46], and theoretical calculations by Boyd and Kogelnik [47]. Their early work studied
the stable spatial distributions which would form after a round trip in a resonator. They found
that for certain spatial distributions, a round trip in the resonator would leave the spatial profile
unchanged modulo a constant phase and amplitude factor. Each unique spatial distribution was
therefore considered a transverse mode.
Depending on the type of resonator (stable, planar, unstable), different mathematical
descriptions exist for the transverse modes. Resonators are categorized based on the curvature
and spacing of their mirrors. For a linear resonator with two mirrors, the cavity parameters are
defined by the g parameters shown in equation (1), where L is the length of the cavity, and Ri is
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the curvature of the ith mirror. For a more complex cavity, these parameters can be solved by
finding the ABCD matrix of the cavity, but this won’t be discussed in detail here. The stability of
the g parameters are such that the region 0 < g1g2 < 1 describes stable resonators [48,49].
𝑔𝑖 = 1 −

𝐿
𝑅𝑖

(1)

Numerical solutions can be found using various computer models. Fox and Li iterative
solutions have been historically used, and gain elements can be inserted into the cavity to
appropriately model the output from a laser resonator [50]. Alternatively, close form solutions
exist for stable resonators, and are approximately described by solutions to the Helmholtz
equation. In the slowly varying envelope approximation in Cartesian coordinates, these solutions
are the Hermite-Gaussian equations. The Hermite-Gaussians are shown in equation (2), where w0
is the minimum waist radius in the x or y direction, and Hn/Hm are the Hermite polynomials of
order n/m. The minimum waist radius is determined by the cavity configuration, and is
independent of any apertures in the resonator.
𝑥2

𝑦2

√2𝑥
√2𝑦 −𝑤2 −𝑤0,𝑦
2
𝐸(𝑥, 𝑦) = 𝐻𝑛 �
� 𝐻𝑚 �
� 𝑒 0,𝑥 𝑒
𝑤0,𝑥
𝑤0,𝑦

(2)

The near field and far field of several Hermite-Gaussian modes are plotted below in
Figure 1. Their near fields have similar spatial distributions, as the Gaussian distribution is its
own Fourier transform. In the near field, the real portion of the electric field switches from
positive to negative n times, where n is the mode number. The phase profile of the near field
therefore has n phase discontinuities representing the switch from positive to negative. These
phase discontinuities correspond to a null in the near field intensity profile.
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Figure 1: Near field intensity and phase distribution of the Hermite-Gaussian Modes. The
fundamental mode has uniform phase and a Gaussian appearance in the near field, while higher
order modes have nxm phase discontinuities and multiple lobes in the near field. The phase
discontinuities contribute the higher divergence in the far field.

2.1.2. Methods of mode selection
Spatial filtering through the use of an aperture has been the standard method of transverse
mode selection. First demonstrated by Baker and Peters [32], it was demonstrated that an
aperture decreased the angular distribution of the beam, and increased the peak far field intensity.
Further numerical modeling by Fox and Li demonstrated that for stable cavities with the aperture
located at one of the end mirrors, the number of transverse modes oscillating within the resonator
is related to the Fresnel number of the cavity [45,30]. The Fresnel number (N) is shown in (3),
where a is the aperture radius, λ0 is the vacuum wavelength of the laser, and L is the length of the
resonator (illustrated in Figure 2). For single mode operation, a Fresnel number of 1 is required.
For a desired mode radius of a, the cavity length scales as a2. For a wavelength of 1 µm, a radius
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of 3 mm, a cavity length of 9 m is required for single mode operation. Such cavity lengths can
quickly become impractical.
𝑁=

𝑎2
𝜆0 𝐿

(3)

Figure 2: Diagram illustrating relationship between cavity length and aperture size for a
hemispherical resonator.

To remove the dependence on the cavity length, elements which have a variable
reflectivity depending on the incident angle would be necessary. Theoretical motivation for such
angularly selective elements in laser resonators has been recently conducted by Bisson, et al [51].
A key component of this theoretical work shows that for wide angular selectivity, the
fundamental mode diameter is determined by the ABCD parameters of the cavity. For angular
selectivity much smaller than the divergence of the fundamental mode, the mode diameter is
determined by the angularly selective elements. What this means, is that for narrow angular
selectivity, there is high separation between the higher order transverse modes (allowing for
fundamental mode operation), as well as increasing of the fundamental mode area (useful for
offsetting nonlinear effects).

10

For Such elements have earlier been demonstrated using the total internal reflection
inside a prism [52,53]. Such systems demonstrated an angular selectivity of less than 1
arcminute, but have high polarization sensitivity and don’t provide sufficient loss for high gain
systems. More sophisticated attempts at mode shaping and mode selection have been recently
attempted using angularly selective holographic elements.
Research into the mode selection capabilities of holographic elements has been done by
Leger, et al [54–57] and Green, et al [58]. These holographic elements were specifically
designed to produce a flat top beam within the resonator, to maximize the mode area and pump
depletion. However, the phase holograms had to be uniquely calculated such that the round trip
phase accumulation would self-reproduce and match the desired phase of the flat-top mode. The
elements could be constructed by micro-lithographic techniques, and were successful in
producing high mode discrimination between the fundamental mode and higher order modes,
while maintaining a flat-top intensity profile within the gain medium. However, the requirement
to calculate the unique elements makes them sensitive to any additional phase distortions within
the cavity (e.g. thermal).
Finally, the angular selectivity of simple holographic elements, such as volume Bragg
gratings, has been proposed [59]. The angular selectivity of VBGs has been calculated, and
found to provide spatial filtering properties useful for mode discrimination within
resonators [59,60]. Some early experimental work has been exploring the angular spatial
filtering capabilities in passive systems by Zhang, et al [61] and Tan, et al [62], but no further
work from these groups has focused on the application to resonators. Work by Chung, et al has
studied the mode selecting properties of reflecting Bragg gratings in resonators [63]. Although,

11

for this work the angular selectivity of the RBG is too narrow to be applicable to compact
cavities (such as microchip lasers), and instead studies the capabilities of the RBG to act as a
high pass filter, blocking the low spatial frequencies and producing an annular beam in the far
field. Such research is interesting and novel, but is counter to the desire to produce a compact
resonator with large mode area. For such capabilities, a mirror acting as a low pass filter with
narrow angular selectivity is needed. Previously, VBGs have been demonstrated as spatial filters
in solid state laser resonators [64]. However, further models and experimentation is needed to
understand the limitations of this method of mode selection.

2.2. Fiber lasers
The earliest laser fibers were drawn in 1961 by Elias Snitzer [65,66]. These fibers were
step index fibers, which contained a glass core with a high index of refraction, and were
surrounded by a cladding with slightly reduced refractive index. A combination of Snell’s law
and the refractive index differences causes the electromagnetic waves to be confined within the
core. Shortly after building the first fibers, they were doped with rare earth metals and lasing
action was seen in 1961 and 1964 [65,66]. While similar to many solid state resonators, these
optical fibers offer many advantages over other, non-guided, solid state material. In particular,
due to the small cross sectional area of the fiber (on the order of 100 um2), high gain could be
easily achieved, allowing for more efficient laser resonators to be constructed, and allowing for
the possibility of efficient amplifiers to be constructed.
Today, fiber lasers are most known for their monolithic construction and high efficiency
output. Ytterbium doped fibers have become a standard product for constructing lasers in the
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near infrared [67,68,28]. Commercially available fiber amplifiers allow for 1KW of output
power, with a linewidth less than 15GHz, high beam quality (M2 <1.1), and wall plug efficiency
of over 30% [69]. For this CW power level, no other laser design can offer significant benefits.
However, scaling these designs to higher output powers is limited due to the onset of several
intensity driven nonlinear effects such as stimulated Brillouin scattering (SBS), stimulated
Raman scattering (SRS), thermal loading [25,26,70], and thermal mode instabilities [71–73].
Of these nonlinear effects, SBS has the strongest effect for narrow linewidth fiber
amplifiers, as the SBS gain coefficient is several orders of magnitude larger than the SRS gain
coefficient in silica-based glass. Brillouin scattering is a spontaneous process where an incident
photon is inelastically scattered, creating a stokes-shifted photon and acoustic phonon [74]. At
higher intensities, the Brillouin scattering becomes self-seeding, and the backwards reflected
power begins to grow exponentially, effectively clamping the emitted power. Threshold for SBS
is shown in (4), where Aeff is the effective area of the pump generating the SBS signal, gb is the
Brillouin gain coefficient of the fiber which depends on both the bandwidth of the pump and the
Brillouin gain bandwidth, and Leff is the effective length of the fiber. Threshold for SBS is
proportional to the effective area of the SBS pump, and inversely proportional to the length of
the fiber. This means that long fibers (>>1 km, as used in telecom) have SBS thresholds at low
power levels (several milliwatts), while relatively short fibers (~10m, as used in fiber amplifiers)
have relatively high SBS thresholds (hundreds of watts).
𝑃𝑆𝑆𝑆 =

17𝐴𝑒𝑒𝑒
𝑔𝑏 (Δ𝜈)𝐿𝑒𝑒𝑒

(4)

The simplest solution to combat SBS is to increase the mode area of the core, but this
has the downside of decreasing the beam quality as more modes are guided within the fiber [75–
13

77]. Increasing the core size to 25 μm can reduce the SBS threshold by a factor of 4, and the
fiber can be coiled to improve the beam quality [77]. However, coiling can only work for fibers
with cores narrow enough to be bent without breaking. For highly multimode fibers, additional
methods of reducing the number of guided modes to improve the beam quality are needed.

2.2.1. Transverse modes
Solutions to the wave equation in a waveguide are limited to a discrete set of propagation
constants [31,78]. Like the transverse modes of a resonator, these modes have a spatial
distribution which self-reproduces after an optical cycle through the effective index of the
waveguide. Many numerical methods have been devised to calculate the spatial distribution of
complicated fibers: finite difference method [79,80], finite element method [81,82], beam
propagation method [83–86], and rigorous coupled wave analysis. Additionally, close form
solutions exist for step index waveguides with rectangular or circular symmetry [31,78]. As with
the transverse modes seen in resonators, these transverse modes have several things in common:
flat phase fronts for the fundamental mode, phase discontinuities for higher order modes, and
higher spatial frequencies for higher order modes. When a waveguide is used as the active
medium for a resonator, the transverse modes are necessarily limited to the guided modes of the
waveguide, and their properties are therefore important to discuss.
For a circularly symmetric step index waveguides (as in an optical fiber), the transverse
modes are given by the LPlm modes. The LPlm modes are given in (5), where Jl is a Bessel
function of the first kind, Kl is a modified Bessel function of the second kind, u and w are the
normalized spatial frequencies ((7), (8), and (9)), a is the core radius, and A and B are constants
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given by the boundary conditions in (6). The number of modes guided within the structure is
determined by the V parameter of the fiber. The V parameter is shown in (9), where λ0 is the
wavelength of the guided light in a vacuum, a is the core radius, ng is the refractive index of the
core, and nc is the refractive index of the cladding. For a fiber to guide only the fundamental
mode, the V number must be less than 2.405, effectively requiring a small refractive index
difference or a small core diameter. An example of the LP modes for a fiber with a = 25 μm, λ =
1.064, nc = 1.45, and ng = 1.45245 is plotted in Figure 3. Notice that, as with the TEM modes,
with increasing mode number, the number of phase discontinuities increases, increasing the
spatial frequencies of the electric field.
𝐸𝑙,𝑚 (𝑟, 𝜃) = 𝐴𝐽𝑙 �

𝑢𝑢
� cos(𝑙𝑙) 𝑟 ≤ 𝑎
𝑎

𝑤𝑤
𝐸𝑙,𝑚 (𝑟, 𝜃) = 𝐵𝐾𝑙 � � cos(𝑙𝑙) 𝑟 ≥ 𝑎
𝑎
𝐽 (𝑢)
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(5)

(6)
(7)
(8)

(9)

Figure 3: Example of the LP modes for l = 0:2, and m = 1:3 for a fiber with a = 25, ng = 1.45254,
nc = 1.45, and λ0 = 1.064 μm. These phase characteristics are similar to the TEM modes.

2.2.2. Methods of mode selection
As with free space optical modes, higher order guided modes have higher spatial
frequencies. These higher spatially frequencies can be filtered internally, through the use of
distributed losses throughout the length of the fiber, or externally through the use of a resonator.
Internal losses are the most popular, as they allow the fiber to act as an amplifier, capable of
achieving high efficiency.
Bending losses provide the simplest means of filtering higher order modes. By tightly
coiling the fiber around a cylinder, the propagation constant of each mode increases, and
selective losses can be provided to each of the guided modes [77,87]. Lower order modes have
the smallest mode areas, and the smallest propagation constant, and therefore experience the
lowest losses through bending. Higher order modes can be suppressed with losses greater than
10dB/m for a 25µm diameter core, allowing for high beam quality to be obtained, along with
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minimal losses for the fundamental mode, from fiber amplifiers using 10m of fiber length [77].
However, this technique is limited to smaller core diameter, somewhere in the range of 25 µm,
beyond which losses for the higher order modes become too small, and coiling becomes
impractical due to the thickness of the glass.
Additional losses can be obtained from leaky channel fibers, such as photonic crystal
fiber (PCF) [88,89] or semi-guiding fibers [90,91]. In the case of PCF fiber, air holes are
inserted into the solid glass core. The air holes effectively reduce the effective index of the core,
significantly decreasing the NA and increasing the diameter of the fundamental mode. Secondly,
the spacing of the air holes are chosen to have little overlap with the fundamental mode, but high
overlap with higher order modes. In effect, this allows the higher order modes to leak out of the
fiber, leaving only the fundamental mode to be guided within the core. Such fibers allow for
single mode diameters to reach above 50 µm, with losses for higher order modes on the order of
10 dB/m.
Semi-guiding fibers are typically highly astigmatic, similar to a stripe or ribbon
waveguide [90,91]. They have narrow width along a single dimension, allowing light to be
confined by total internal reflection, and allowing a single transverse mode to be guided along
that axis. The width of the orthogonal direction is very wide to increase the mode area, and the
refractive index difference at the edges is 0, meaning there is no confinement along that axis.
Light propagating along the fiber will be confined along the narrow axis, but suffer diffraction
losses along the wide axis. By matching the length of the fiber such that the fundamental mode
does not diffract beyond the boundaries of the fiber, a high beam quality can be achieved from
the amplifier. However, this process requires long fiber lengths to filter the higher order modes,
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and requires longer fiber lengths for wide mode areas. For millimeter sized dimensions,
unsuitably large fiber lengths are required.
Each of these techniques has the downside of either not scaling well with mode area, or
requiring sufficiently long fiber lengths (10m or so). Any system which decreases fiber length,
allows for larger higher-order mode content in the output beam.
External cavity resonators have the advantage that they operate independent of fiber
length, and can scale to large mode areas. In these systems, apertures can be used in the far field,
such a Fourier-transform filter, or a lens can be defocused to hurt the coupling efficiency of each
mode [92]. However, each of these techniques necessitates the use of additional free space
optical components, preventing monolithic construction, a main advantage of the fiber laser.
The self-imaging resonator, or a Talbot-cavity, can be used for monolithic
construction [92–96]. In this setup, a mirror is spaced at a specific distance (z/2) from the fiber
tip, allowing the modes to be reflected and coupled back into the fiber after a free space
propagation of z. For a specific mirror spacing, a particular mode will be produce an image of
itself on the fiber tip, allowing for modal discrimination between the in-phase and out of phase
mode. Such cavities have been designed, and work well with multi-core fibers. However, such
systems are incredibly sensitive to alignment, making them sensitive to temperature and other
small effects.

2.3. Figures of Merit
Although the goal is to generate a pure fundamental mode from a laser resonator, it is
important to understand both how to measure the modal purity and the losses added to the
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system. To measure the beam quality and modal purity, several figures of merit have been used
over the years. The M2 parameter and Strehl ratio are the most popular, although have different
applications.
The M2 parameter was popularized by Siegman as a method of measuring the number of
transverse modes in a stable resonator [97]. In principle, it measures the near field diameter and
far field diameter to determine divergence relative to the divergence of a TEM00 with the same
waist parameter. In (12), the M2 parameter is calculated using the 2nd moment of the near field
intensity distribution (x) and far field intensity distribution (θ). For an M2 of 1, the beam behaves
exactly as a Gaussian beam, and for larger M2 additional Hermite-Gaussian modes exist in the
beam. For beams with higher order TEM modes, the M2 parameter increases in accordance with
(13) and (14), where cnm are the coefficients of the relative amplitudes of the TEMnm modes. For
beam composed entirely of the TEM10 mode will have an 𝑀𝑥2 = 3 and 𝑀𝑦2 = 1.

However, in practice this measurement is only useful for stable-resonators, where the

Hermite-Gaussian modes are expected. For other applications, such as amplifiers, coherent beam
combination, unstable resonators, and waveguides, the M2 parameter provides a poor
understanding of the modal content of the beam. For example, in an unstable resonator using a
Cassegrain telescope, the fundamental mode in the near field is expected to have a donut shape,
and the far field is expected to have a the distribution of a Bessel function. For such a beam, the
M2 parameter will be quite large, as the beam doesn’t behave as a Gaussian, although the phase
characteristics of the beam imply it is diffraction limited.
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The ultimate goal is not just improved spatial filtering (improved M2), but improved far
field intensity. In general, improving the M2 adds losses to a system, reducing to total output
power, but improves peak intensity. For this figure of merit, either the radiance (brightness)
provides better understanding of the system. The brightness of the system is measured using
(15), and is related to the M2 parameter of a circularly symmetric beam by (16). For a system
which can improve the beam from being entirely TEM11 mode to a pure TEM00 mode, the M2
will improve by a factor of 3, and brightness can improve by a maximum factor of 9. If losses are
less than 88%, then the reduction in power will be offset by the improvement in M2, and the total
system brightness will improve.
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(15)

(16)

2.4. Summary
Definitions of the different transverse modes used in laser resonators have been
introduced, generalizing the different transverse modes as the number of phase discontinuities in
the near field. Higher order modes are shown to have larger area in the near field, and unwanted
higher divergence in the far field, leading to reduced brightness.
The M2 and radiance figures of merit have been introduced, which will be used
throughout this dissertation to understand the improvements made in the laser system when using
the VBGs as an angular spatial filter.

21

CHAPTER THREE: VOLUME BRAGG GRATINGS

3.1. Types of diffraction gratings
Diffractive optical elements have long been in use due to their high dispersion, making
them useful as spectrometers and monochromators. These gratings can have several distinct
characteristics and can be characterized as either surface gratings or volume gratings, depending
on if the phase modulation is primarily due to structures on the surface of a substrate or within
the volume of a medium. These gratings can be either thick or thin gratings, depending on if the
interaction length with the phase modulation is long or short relative to the wavelength of
incident light.
Thin gratings are the simplest to produce, but provide the fewest desirable characteristics.
Incident light on a thin grating has a very short interaction distance, limiting the effects of field
interference, and causes multiple diffraction orders to form. This disperses the power of the light
across a broad angular spectrum, limiting the use of such grating in situations where low losses
are needed.
Thick surface gratings can overcome these effects. Blazed gratings in particular can
diffract light into a single diffraction order with high efficiency, and have found wide industry
adoption [98]. However, such gratings are extremely susceptible to surface damage and dust, are
difficult to multiplex, and provide poor angular and spectral selectivity for many
applications [99].
An alternative surface grating, such as a multi-layer dielectric, can provide many
advantages useful for beam combining [100]. Due to the small surface features, these gratings
provide high diffraction efficiency, with narrow spectral selectivity. Such gratings can be easily
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multiplexed to allow for efficient spectral beam combining, and such gratings have low
absorption making them useful for high power applications [101]. However, such gratings can
require large diffraction angles making them polarization sensitive, and are again extremely
susceptible to dust and surface damage.
Thick volume gratings, such as volume Bragg gratings (VBGs) can overcome many of
these challenges, and can offer some improved features. The thickness of the grating places strict
phasing requirements on the incident light, allowing the grating to act as a highly selective
angular and spectral filter. These selective properties are highly desirable in many applications,
such as narrow linewidth filtering for Raman filters, linewidth narrowing of diode lasers for
pumping, spectral beam combining, and coherent beam combing. However, the thickness of the
medium necessarily makes them more susceptible to heating effects [102]. Despite this short
coming, VBGs have found many high power laser applications, and will make a useful addition
to laser resonators.

3.2. Plane-wave theory of volume Bragg gratings
Performance of Volume Bragg Gratings (VBG’s) was most famously reviewed by
Kogelnik in 1969 [103]. His research, based on a variety of sources such as Gabor and
Stroke [104], the earlier work done in X-ray crystallography [105] and the work done with
acoustic gratings, used coupled wave theory to describe how a plane wave would be diffracted
by a grating. Unlike other types of gratings, such as surface gratings or thin phase gratings,
VBG’s allow a narrow wavelength range of light to be diffracted with 100% efficiency into a
single diffraction order and are insensitive to the polarization of the incident radiation.
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Recording of VBG’s in photosensitive material results from interference of the two plane
waves inside the photosensitive material. The photosensitive material reacts with a change in the
refractive index when exposed to the wavelength of light it is photosensitive to. The change in
refractive of index is linearly proportional to the intensity of the light. The interference fringes in
the material result in a modulation of the intensity of the incident light, and likewise modulate
the refractive index recording a sinusoidal pattern (17). The refractive index is modulated around
some base term (n0), and achieves a maximum refractive index modulation (n1), and has a period
(Λ) which depends on the angle of the incident beams which formed the interference pattern.
�⃗ B ⋅ r⃗)
𝑛(𝑟⃗) = 𝑛0 + 𝑛1 cos(K

(17)

The orientation of the fringes in the photosensitive material characterizes the orientation
of the Bragg vector (K), whose direction is normal to a plane of constant refractive index change
and whose value is inversely proportional to the spacing between equal planes of refractive index
change (Bragg period, Λ). An illustration of the refractive index modulation is illustrated in
Figure 4.
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Figure 4: Illustration of the orientation of the VBG inside a thick recording medium [103].

Light is diffracted if it satisfies the Bragg condition, as shown in (18). Where kd is the
wavevector of the scattered light, ki is the wavevector of the incident light, and KB is the Bragg
vector of the grating. The orientation angle (φ) of the Bragg vector determines the scattering
angle of the scattered wave (S). In general, for a grating tilted near normal incident to the front
surface (φ ~ 0°), light will be diffracted out the same surface it is incident on, and the grating is
called a reflecting Bragg grating (RBG). For a grating tilted to near 90° relative to the front
surface (grating vector is close to perpendicular with respect to the normal to the surface), light
will be diffracted through the rear surface, and the grating is called a transmitting Bragg grating
(TBG).
�⃗𝑑 = 𝑘
�⃗𝑖 − 𝐾
�⃗𝐵
𝑘

(18)

Kogelnik’s coupled wave theory (CWT) accurately describes a plane wave interacting
with a VBG. Several important quantities are necessary to completely define the uniform VBG:
grating period (Λ), grating thickness (L), refractive index modulation (n1), wavelength of the
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light interacting with the grating (λ), and grating orientation in the photosensitive material (φ).
From these, several more practical characteristics are defined: peak diffraction efficiency, angle
for resonance, and spectral or angular selectivity that often is determined as full-width at halfmaximum (FWHM).
Plane wave solutions using Kogelnik’s CWT, and their implications for VBGs will be
briefly discussed. Starting from the wave equations and assuming the refractive index
modulation (δn) is small, the wave equation is given in (19), where E is the electric field within
the medium, β is the wavevector of the electric field in the medium, κ is the grating strength
𝜋𝜋𝜋
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(19)

For this analysis, the two-wave approximation and slowly varying envelope
approximation are used. It is assumed that all other diffracted orders quickly lose strength, and
that all energy will be diffracted into one of these two waves. It will be shown later that this is a
valid assumption. The two-wave approximation is shown in (20). The incident wave (R) is
scattered by the grating into the diffracted wave (S), depending on the orientation of the grating
the scattered wave is either reflected or transmitted.
𝐸(𝑟⃗) = 𝑅(𝑟⃗)𝑒 −𝑖𝑘����⃗𝑟 ⋅𝑟⃗ + 𝑆(𝑟⃗)𝑒 −𝑖�𝑘�⃗𝑟 −𝐾�⃗𝐵 �⋅𝑟⃗

(20)

Inserting the two wave approximation into the Helmholtz equation, dropping the small
second derivative terms and the off resonance terms proportional to exp�−𝑖(𝑘𝑟 − 2𝐾𝐵 )�, results

in the coupled wave equation shown below. Solutions can be found using the correct boundary
conditions depending on the geometry of the problem.
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(22)

3.2.1. Reflecting Bragg gratings
Depending on the type of grating (reflecting or transmitting), different solutions are
found. For grating where the Bragg vector is oriented near normal to the glass surface, the z
component of the diffracted propagation vector is negative, and the grating acts as a mirror.
Using the boundary conditions of R(0) = 1 and S(d) = 0, the solutions for the reflecting Bragg
grating (RBG) are found. For an RBG, the amplitude of the scattered wave is shown in (23), and
the diffraction efficiency is: 𝜂 = |𝑆|2. The diffracted wave is a function of the dephasing term δ

shown in (24) or (25), the reduced grating strength κ’ shown in (26) or (27), and the grating
thickness L. The dephasing term is a measure of detuning of the incident wave from the Bragg
condition, meaning δ = 0 when the incident wave satisfies the Bragg condition (18). The
dephasing terms are in terms of the components of the incident waves propagation constant (kx,r

and kz,r) and the components of the Bragg vector (Kx,B and Kz,B), and in terms of the incident
angle (θR) for the special case when the Bragg vector is normal to the glass surface (Kx,B = 0,
Kz,B = KB).
𝑆 = 𝑒 𝑖𝑖𝑖

−𝑖𝑖′ sinh�𝐿√𝜅 ′2 − 𝛿 2 �

√𝜅 ′2 − 𝛿 2 cosh�𝐿√𝜅 ′2 − 𝛿 2 � + 𝑖𝑖 sinh�𝐿√𝜅 ′2 − 𝛿 2 �
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�𝑘𝑥,𝑟 𝐾𝑥,𝐵 + 𝑘𝑧,𝑟 𝐾𝑧,𝐵 − 2𝐵 �
𝛿=
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(23)

(24)

𝛿=

𝜋
�2𝑛𝑔 𝐿𝐿𝐿𝐿(𝜃) − 𝜆0 �
2𝑛𝑔 cos(𝜃) 𝐿2
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𝜋𝜋𝜋𝜋

𝜆0 �𝑘𝑧,𝑟 ��𝑘𝑧,𝑟 − 𝐾𝑧,𝐵 ��
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𝜋𝜋𝜋
𝜆0 cos(𝜃)

(25)

(26)

(27)

Maximum diffraction efficiency of an RBG is given by 𝜂 = tanh(𝜅 ′ 𝐿)2 and occurs for a

wave satisfying the Bragg condition. Peak diffraction efficiency depends only on the grating
thickness L, refractive index modulation δn, and Bragg angle θB. For any applications using a
VBG in the resonator, low losses are required, meaning the grating strength (κ’L) should be at

least π. For a material with a maximum δn of 10-3, an incident wavelength of 1μm, and a Bragg
angle of 0°, a minimum grating thickness of 1mm is required.
For many cavity requirements, not only is the maximum diffraction efficiency important
(which would make the grating nothing more than a simple mirror), but also the spectral or
angular selectivity. For brightness enhancement, angular selectivity will be the important figure
of merit. At normal incidence, the RBG acts as a circular aperture in angular space. While the
RBG typically has very narrow spectral selectivity (<100pm), the angular selectivity can be quite
large. An example of the angular selectivity is plotted below in Figure 5. In this example, the
diffraction efficiency is measured as a function of angular detuning from the Bragg condition for
an RBG with a tilt of 0°, a thickness of 1mm, a Bragg period of 0.354 μm, and a refractive index
modulation of 1014 ppm. The incident plane wave has a wavelength of 1064 nm, and a resonant
Bragg condition of 0°. For such a grating, the peak diffraction efficiency is 99%, and the angular
selectivity is approximately 87 mrad.
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Figure 5: Example of diffraction efficiency as a function of detuning angle from the Bragg
condition for an RBG.

3.2.2. Transmission Bragg gratings
By orienting the grating vector to be near parallel to the material surface, the diffracted
wave is transmitted through the material and a transmission Bragg grating (TBG) is formed. The
amplitude of the diffracted wave is given by (28), and is a function of the detuning parameter (δ)
shown in (29) or (30), the reduced grating strength (κ’) shown in (31) or (32), and the grating
thickness (L).
𝑆=𝑒

𝛿=

𝑖𝑖𝑖
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(30)
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The grating strength (κ’) controls the maximum diffraction efficiency of a wave
satisfying the Bragg condition and depends on the refractive index modulation (δn), the
wavelength (λ0), and the Bragg angle (θR). The maximum diffraction efficiency is sin(𝜅 ′ 𝐿)2,
𝜋

meaning a grating strength of 𝛿𝛿 = 2 + 𝑛𝑛 will maximize diffraction efficiency.

The detuning parameter δ determines the diffraction efficiency for a wave detuned from

the Bragg condition, and depends on the grating thickness (L), refractive index of the material
(ng), incident angle (θR), and wavelength (λ0). Although the FWHM angular response of the TBG
depends on the grating strength, for most applications the grating strength will be near π/2. As
such, the angular acceptance in air is approximately: θFWHM ≈ 1.2ΛB/L. As such, narrow angular
acceptance useful for spatial filtering will require either thick gratings or a large incident angle.
An example of the plane wave response for a TBG is shown below in Figure 6. The
grating has a thickness of 1mm, a tilt of 0°, a Bragg period of 10μm, and a refractive index
modulation of 531ppm. The FWHM of the angular selectivity is approximately 12 mrad, with a
peak diffraction efficiency of 100%.
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Figure 6: Example of diffraction efficiency as a function of rotating the TBG from the Bragg
condition for a fixed wavelength. The angular selectivity is approximately 12 mrad.

3.3. Interaction of finite beams with VBGs
CWT accurately describes interaction of a planewave, or a beam with angular divergence
sufficiently smaller than the angular acceptance of the grating, but does not provide accurate
description of a divergent beam interacting with the VBG. Two additional theories exist to
accurately describe diffraction of finite beams by thick gratings: 1) Rigorous coupled-wave
theory [106,107], 2) Plane-wave decomposition [59,60]. These theories essential differ, in that
the plane-wave decomposition calculates the effects of the grating in the Fourier domain,
breaking down the beam into a series of plane waves, while the coupled-wave approach
calculates the effects in the spatial domain by decomposing the grating into a series of spatial
delta functions. For some applications (e.g. dealing with non-uniform gratings), the rigorous
coupled wave theory provides the simplest computations. However, for many applications plane-
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wave decomposition provides the simplest computations. For all modeling done within this
thesis, plane-wave decomposition will be used.
Formulation of plane-wave decomposition theory is shown below: (33) the Fourier
transform is taken of the spatial distribution of the electric field to determine the far field angular
distribution, (34) the angular distribution is multiplied with plane-wave response of the VBG,
and (35) the inverse Fourier transform is taken to give the spatial distribution of the electric field
after interaction with the grating.
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∞

𝐸� �𝑘𝑥 , 𝑘𝑦 � = � � 𝐸(𝑥, 𝑦, 0)𝑒 𝑖�𝑥𝑘𝑥 +𝑦𝑘𝑦 � 𝑑𝑑𝑑𝑑

(33)

−∞ −∞

𝐸�𝑑𝑑𝑑𝑑 �𝑘𝑥 , 𝑘𝑦 � = 𝐸� �𝑘𝑥 , 𝑘𝑦 �𝑆𝑇𝑇𝑇 �𝑘𝑥 , 𝑘𝑦 �
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Such a representation solves for the diffracted electric field, accounting for both defocus
effects and interaction with the VBG. The effective diffraction efficiency (ηeff) can be found by
normalizing the power of the diffracted electric field to the incident electric field, shown in (36).
Changes to the mode can be understood using the correlation integral shown in (37). Such
correlations are useful for understanding mode coupling, as in the guided modes of a fiber or the
transverse modes of a resonator.
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(36)
2

(37)

Figure 7: Simulations for the diffracted (left) and transmitted (right) intensity distributions for an
incident Gaussian beam with a waist parameter of 1µm, 5µm, 10µm, 20µm, and 100µm.

Using this formulation, the interaction of highly divergent beams with a VBG are
understood. Simulations were performed diffracting a Gaussian beam with the TBG shown in
Figure 6. A Gaussian beam with a waist parameter of 1 µm, 5 µm, 10 µm, 20 µm, and 100 µm
were diffracted by a TBG with 12 mrad of angular selectivity and 100% diffraction efficiency.
The diffracted intensity profile was calculated using (33)-(35) and is plotted in Figure 7. For a
narrow waist parameter, the incident beam acts as a point source and contains a large number of
spatial frequency components. The TBG filters these high frequency components, and the
diffracted angular intensity profile nearly matches the shape of the TBG diffraction efficiency as
a function of detuning angle. For a large waist parameter, the Gaussian beam acts like a plane
wave, containing only low spatial frequency components within the angular selectivity of the
TBG. The diffracted beam then retains the Gaussian shape in the far field. The transmitted
intensity profiles are shown on the right in Figure 7, showing the high spatial frequency
components filtered by the TBG. These plots emphasize the use of a TBG as a low-pass spatial
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frequency filter, showing how the incident Gaussian beams have a sinc2 profile of low spatial
frequencies removed from the beam.
These simulations were repeated for a many Gaussian beams to measure the diffracted
far field divergence and effective diffraction efficiency. The results are shown in Figure 8 as a
2𝜆

function of the incident Gaussian beam divergence (𝑤 ) normalized to the FWHM angular
𝜋
selectivity of the TBG (

0

1.2Λ
𝑑

). The TBG used in the modeling had a thickness of 1mm, a tilt of 0°,

a Bragg period of 10μm, and a refractive index modulation of 531ppm. The FWHM of the
angular acceptance was approximately 12 mrad, and the peak diffraction efficiency was 100%.
In the plane wave limit (divergence → 0), the effective diffraction efficiency approaches the
100% diffraction efficiency as predicted by Kogelnik. The diffracted beam for divergence → 0
remains unchanged, and the diffracted divergence is equal to the incident divergence (as
expected). As the divergence of the beam increases beyond the angular acceptance of the TBG,
fewer spatial frequency components are diffracted by the TBG, reducing the far field divergence

of the beam and reducing diffraction efficiency. In the limit of an incident point source, the
angular content of the diffracted beam matches the angular selectivity of the TBG, resulting in a
sinc2 far field distribution shown in Figure 7.
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Figure 8: Plot of the diffraction efficiency and far field divergence of the diffracted beam. All
divergences are normalized to the FWHM angular selectivity of the TBG. In the plane wave limit
(divergence ~ 0), the beam is unchanged and has 100% diffraction efficiency. In the point source
limit, the diffracted beam has a divergence equal to the angular selectivity of the TBG.

3.4. Photosensitive materials for volume Bragg gratings
Holographic elements operate by modifying the phase of incident light such that the light
coherently interferes to reconstruct the originally recorded image. The phase of the incident light
is modulated by spatially modifying the refractive index of the material. Typical materials used
for this are dichromated gelatin [108,109], LiNbO3 [110–112], photopolymers [113], and
photosensitive glass [114]. VBGs are one of the simplest holographic elements that can be
recorded, requiring only one spatial frequency. In this respect, there are few requirements on the
number of lines per mm which can be recorded into the material. However, in order to properly
use the hologram in a high power laser resonator, there are many requirements as to how the
material behaves under high intensity radiation.
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Dichromated gels have long been a successful material to produce high quality thick
holograms [108,109]. The chromium doped material is photosensitive in the UV to visible
region, and allows for large refractive index changes above 0.08 [109]. The high refractive index
change allows for VBGs to be thinner than 100µm to be recorded while retaining diffraction
efficiency more than 95% [109]. Although a high ∆n is achievable, several significant downsides
exist. First, during the initial exposure, the change in the refractive index similarly increases the
absorption constant of the dichromated gel. This absorption exists strongly in the UV to visible
region, giving the gel a brownish color. Secondly, the gel is highly volatile with water, and reacts
easily with the humidity in the air to destroy the recorded hologram. Thirdly, high temperatures
above 110°C can similarly destroy the recorded hologram [109]. Although this reaction can
sometimes be desirable in the case of easily reprocessing the hologram, it is not desirable to
build a laser cavity with such volatile materials. The strong absorption in the visible region,
combined with the volatility with water and reaction with high temperatures make the material
undesirable to use in a laser cavity.
Lithium niobate (LiNbO3) is a popular nonlinear birefringent crystal. Early samples were
found to have localized optical damage resulting in changes in the refractive index [112]. It was
found that this optical damage could actually be useful as a holographic recording medium. After
further study, it was found that high intensity beams excite electrons to the conduction band. If
the high intensity radiation produces a fringe pattern in the LiNbO3, the electrons then migrate
from the bright areas to the dark areas, producing a small localized change in the refractive
index. Through this process, a large Δn as high as 0.3 can be produced. The high Δn combined
with the capability to grow crystals as long as 5cm allows for a significant number of holograms
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to be recorded in a single piece of LiNbO3 [110]. However, the holograms aren’t permanently
recorded. Incident radiation on the hologram causes the electrons to return from their metastable
positions to their traps, reducing the Δn and erasing the VBG. This volatility prevents the use of
the VBG in a laser cavity. Attempts at reducing the volatility by recording using a two photon
absorption process were later attempted, but failed to produce enough modulation in the crystal
to produce a sufficiently strong VBG [111].
Photopolymers offer an advantage of stability over LiNbO3, and do not react to humidity
or temperature in the way that dichromated gels offer [113]. However, these relatively large
polymers suffer in that they represent large scattering centers. In a laser cavity, large scattering
introduce additional losses (reducing efficiency), and higher thermal load. Secondly, the
photopolymers must be layered on a glass substrate, limiting the thickness of the photopolymer
layer to some tens of microns. The photopolymers represent an insufficient amount of thickness
to achieve high Δn, and can be destroyed in high intensity radiation.
From these discussions it becomes apparent that to be useable in a laser cavity, a VBG
must be recorded in a material that won’t be destroyed in high intensity radiation, is nonvolatile,
and can produce a sufficient Δn or large enough thickness that a nearly 100% VBG can be
recorded. Photosensitive glass offers some significant advantages in this respect. In particular,
photo-thermo-refractive glass is discussed as a photosensitive glass.

3.5. Volume Bragg gratings recorded in PTR glass
Photo-thermo-refractive (PTR) glass is a multi-component silicate glass doped with Ag,
Ce, and Fl [114]. The glass is photosensitive in the UV region near 325nm, and has low
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absorption of 10-4 cm-1 in the visible to near infrared region (350nm to 2500nm). The refractive
index can be changed through a two-step process, after which the refractive index remains
permanently altered. The process is as follows. Incident UV radiation reduces silver ions to form
the atomic state Ag0. The glass is then thermally treated. The Ag0 has increased mobility in the
glass matrix, forming clusters of silver atoms. The silver clusters act as nucleation centers for the
formation of the NaF nanocrystals. The crystals have a different refractive index compared to the
glass matrix, and the average effect is to reduce the refractive index of the glass. In such a
manner, the refractive index can be reduced by as much as 1000ppm (Δn = 10-3).
Models of VBGs in PTR have been developed by Ciapurin, et al, and are based on
Kogelnik’s coupled wave theory [115,116]. These models accurately predict the performance of
VBGs in PTR. Coupled wave theory applied well to plane waves, and sufficiently large Gaussian
beams. Further modeling has expanded these models in PTR to include diffraction of finite sized
Gaussian beams [117].

3.6. Applications for VBGs recorded in PTR

3.6.1. Spectral locking of lasers
Although not necessary, a frequently desired feature of a laser is the output of a narrow
spectral line. Such features are often desirable in pumping applications to increase the pumping
efficiency, or to increase the coherence length of the laser. While diode lasers and fiber lasers are
very efficient, they often have the undesirable of large spectral bandwidth due to their broad gain
bandwidth. Due to the heterogeneous broadening of the emission spectrum in doped optical
fibers, fibers offer significant gain over a wide bandwidth. Diodes also offer a wide gain
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bandwidth due to the thermal populations in the upper level state. Moreover, the peak gain of
diodes shifts with both temperature and increased current. The large gain bandwidth can make
narrowband emission difficult, with the bandwidth of uncontrolled emission reaching several
nanometers. The shifting of the emission peak in lasers diodes can be balanced by heating or
cooling the diode, but this can be inaccurate in situations where a specific emission wavelength
is required to match the absorption band of another material.
In the past, it has been found by Alferov, et al that manufacturing a grating on the diode
can drastically reduce the spectral width to less than 10Ghz [118]. RBGs have the same feature
that only a narrow bandwidth of incident radiation matches is reflected, with the added benefit of
being easier to construct and being applicable to any diode source [119]. The FWHM spectral
reflection of the RBGs can vary depending on the design of the grating, but can typically vary
from 1nm to less than 50pm. By using this element as part of an external cavity for a diode,
feedback can be provided for only specific wavelengths, limiting emission to within the spectral
reflectivity of the RBG. This technique has been successful in both narrowing emission of diode
lasers to less 10GHz in a variety of sources, such as those useful for pumping alkali metals [120],
or in high power laser diode bars [121,122].

3.6.2. Spectral beam combining (SBC)
Power scaling of lasers can often be difficult due to nonlinear scattering effects or
thermal distortions formed within the cavity. For this reason, it is often more efficient to combine
several beams together to increase the brightness and the power incident on a target rather than
simply increase the pump power for a particular laser [123]. Diffractive optical elements are a
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practical choice for beam combining, as they have a narrow angle and spectral range in which
they will diffract light, and for all other conditions the holographic element will not interact with
the incident radiation. It is for these reasons the VBGs recorded in PTR glass were first proposed
as an efficient method of beam combining [124].
In SBC, lasers of different wavelengths are incoherently combined such that they
propagate collinearly. The total power in the propagating beam therefore increases, increasing
the brightness at the cost of increased spectral width. Diffractive optical elements are frequently
used with high success to combine high power lasers [125]. VBGs offer an additional advantage
in that they have a polished surface, allowing for easy cleaning, and offer a much narrower
spectral reflectivity, allowing for extremely dense SBC.
Previous work by O. Andrusyak, et al have been success in 5 channel spectral beam
combination of fiber lasers to reach a combined output power of more than 770W an M2 of less
than 1.2 [125,126] , and a combined bandwidth of 1nm. Improvements by D. Drachenberg, et
al [127] has been successful in showing how thermal tuning of the RBGs can significantly
improve the spectral density of the SBC system, by thermally shifting the Bragg resonance of the
RBGs such that their sidelobes match the emission of the lasers being combined. Such
techniques have allowed for 5 channel beam combining at power levels above 650W, and a
combined spectral bandwidth of less than 1nm. Later work by I. Divliansky, et al [128] has
shown how multiplexing multiple RBGs into a single piece of glass reduces the thermal load on
the VBG, increasing the combining efficiency and reducing the M2. Using a multiplexed RBG
with two gratings inside, a combining efficiency of more than 99%, and an M2 of less than 1.1
could be achieved for a power level of 282W.
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3.6.3. Coherent beam combining (CBC)
CBC solves the problem of the increased spectral bandwidth by constructively interfering
multiple beams of the same wavelength to produce a single beam. Of course, such methods
require strict controls on the phase differences between each of the beams. This has led to two
distinct paths of CBC: active CBC, where a phase is added to each beam and measured to ensure
the constructive interferences always occurs, and passive where the individual channels are
aligned in a passive resonator. Work by A. Jain et al has successfully demonstrated 2-channel
passive CBC with a common output coupler at power levels up to 4W [129], and later
demonstrated scaling to 4 channel combining. In order to scale to multiple channels, multiple
gratings are needed. To simplify alignment and minimize the number of optical components,
these gratings can be multiplexed into a single piece of PTR.

3.6.4. Transverse mode selection
In addition to the narrow spectral selectivity of VBGs, some narrow angular selectivity is
also seen. In beam combining, this narrow angular selectivity limits the minimum beam size
which can be efficiently combined. In a resonator, this angular selectivity allows mode selection.
In a resonator, higher order transverse modes have higher angular divergence, decreasing the
brightness of the laser. This divergence allows for modal discrimination, and some evidence has
been seen that these elements can be used to produce cavities with high beam quality.
In experiments with erbium doped rods, high beam quality was seen despite the short
cavity length [130]. In solid state lasers, short cavities are highly desirable as they allow for
short Q-Switch pulses, and are compact to allow for easy transportation. In order to allow for
single mode output, short cavities must have a small aperture, such that the Fresnel number is
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near one. This small mode area has the downside of decreasing the maximum achievable pulse
energy in a Q-switch, limiting CW output power, and increasing the thermal load. It is therefore
highly desirable to design a cavity that can maximize all of these properties at once. Early
evidence in erbium doped rods has shown that VBGs can be used to produce high beam quality
in short resonators. Later work by Anderson, et al has shown that TBGs can be successfully used
to produce an M2 of 1.06 in a 50mm cavity with a mode diameter of 400μm (Fresnel number of
about 2.4) [131].
With waveguide based lasers, such as diodes and optical fibers, the mode area plays an
important role in the maximum output power. Higher power diodes require larger stripe width,
significantly increasing the number of guided modes, and increasing the far field divergence. In
work by G. Venus, et al [119], it was found that in a passive system, a TBG aligned to the slow
axis could select a narrow portion (in angle space) of the emission from a diode. Using an RBG
to build an external cavity and provide feedback for this portion showed that the emission would
remain low divergence at minimal cost to the efficiency of the diode.
In fiber lasers, large mode areas are highly desirable to suppress SBS and allow for
higher power scaling. However these fibers have multimode output, which decreases the
brightness of the laser. A method of transverse mode selection was attempted by A. Jain et al
using a focusing lens and an RBG at the focus in an external cavity with an active fiber [132].
With the RBG in the focus of the lens, only a narrow angular portion of the emitted light was
reflected back into the cavity resulting in an output intensity which appeared to be single mode.
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CHAPTER FOUR: MODELING

4.1. Introduction
Design of solid state resonators requires both long cavity lengths and small apertures to
produce high beam quality. When seeking to design compact resonators with lengths less than
10mm, apertures below 100μm are required, limiting the circulating intensity within the
resonator. One proposal to increase the mode area has been to use angularly selective elements in
the cavity. As shown by Bisson, et al, such elements can both improve the beam quality and
increase the mode area of the fundamental mode [51]. As one such element, the use of angularly
selective volume Bragg gratings has been proposed [131–133]. Such elements have been
demonstrated to improve the beam quality of solid state resonators, fiber lasers, and diode lasers.
To show the validity of this approach, models of the laser systems using saturable gain have been
developed, showing the effect the grating has on the beam quality and output power of the laser.

4.2. Solid state resonators
To first understand the mode selecting properties of a TBG inside a solid state resonator,
modeling was performed using the plane-wave decomposition methods [59,60] and Fox-Li
simulations with a saturable gain medium [45,30,50,134]. This modeling allows us to understand
both the scalability of the system, and the angular selectivity needed for single-mode operation
while enhancing the brightness of the system.
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4.2.1. Interaction of Hermite-Gaussian modes with TBG
As the first part of this work, the effects of diffracting Hermite-Gaussian modes by a
TBG were studied using the plane-wave decomposition method outlined in section 3.3. Both the
diffraction efficiency and mode coupling were studied as a function of the TBG angular
selectivity normalized to the fundamental mode divergence.
The diffraction efficiency measures the losses to each mode, and is important for
understanding the losses needed for single transverse mode output and the effect on output power
this will have, this figure of merit doesn’t give a complete understanding on the effect of the
TBG. As shown in section 3.3, for beams with angular content near the angular acceptance of the
TBG, the TBG diffracts each of these spatial frequencies with different relative amplitudes, in
effect reshaping the beam. For near Gaussian beams, the diffracted beam will remain near
Gaussian. For higher order modes, the intensity profile will be drastically changed. It is therefore
important to understand how the oscillating intensity profile will be reshaped by the TBGs, to
insure the output profile remains near Gaussian. For this, the mode coupling parameter shown in
(37) provides insight into how the diffracted intensity profiles change.
The diffraction efficiency was modeled using equations (2), and (33)-(36) for a waist size
of 250 μm, and an angular selectivity ranging from 0.1 mrad to 15 mrad. The Hermite-Gaussian
modes modeled had a mode index n ranging from 0 to 10. Because the TBG acts as a narrow slit,
and does not provide circularly symmetric angular filtering, the orthogonal mode index m has no
additional effect on the diffraction efficiency. The modeled diffraction efficiency is plotted
below in Figure 9. As previously noted in section 4.3, for decreasing angular selectivity the
diffraction efficiency of a finite beam decreases. For wide angular acceptance, when the angular
selectivity is approximately 5 times the far field divergence of the fundamental mode, losses for
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the fundamental mode are approximately 1% while losses for the fundamental mode are
approximately equal to (n + 1)*1%. For the n = 9 mode, losses are approximately 10% and for
the n = 1 mode losses are approximately 2%. When the angular selectivity is approximately
equal to the far field divergence of the nth, the diffraction efficiency for the nth mode quickly falls
off, increasing the losses for that mode. For an angular acceptance below 3 mrad, the diffraction
efficiency for the TEM00 mode quickly drops below 90%, hurting the efficiency in a laser
resonator.
As known in section 4.3, for very narrow angular selectivity, a finite beam will spread
out, such that only the angular components within the sinc2 distribution of the TBGs angular
selectivity remain. In a resonator, the circulating transverse modes are limited to the complete set
of functions known as the Hermite-Gaussian modes. When the fundamental TEM00 interacts
with a TBG with narrow angular selectivity, the diffracted mode no longer has perfect
correlation with the fundamental mode of that resonator, and the diffracted mode begins to excite
the higher order modes. As shown in Figure 10, for angular selectivity below 3 mrad, the
fundamental mode begins to spread out and excite the higher order modes.
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Figure 9: Effective diffraction efficiency for a TEMn0 beam with a waist parameter of w0 = 250
μm interacting with a TBG having angular selectivity between 0.5 and 15 mrad.

Figure 10: Cross-correlation of the diffracted electric field of the TEM00 mode with the incident
TEMn0 modes. Due to the phase distributions, the diffracted TEM00 only correlates with other
even modes (n = 0,2,4…). Above 6 mrad the diffracted TEM00 remains unchanged, and only
correlates with the n = 0 mode. Below 6 mrad the beam becomes distorted and begins to spread
in the near field, causing overlap with higher order modes.
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4.2.2. Fox-Li analysis of mode selection in a laser resonator
The effect of a TBG inside a solid state resonator was studied using an iterative model
with saturable gain. Without prior knowledge of the transverse mode profiles of the TBG based
resonator, a model which directly solves for the electric field of the resonator would be most
appropriate. This leaves the option of either directly solving the differential equations of the
resonator, or using an iterative beam-propagation model to converge on the solution. As the
effect of the TBG elements will need to be accounted for in the model of the resonator, and these
elements can be quickly modeled using the plane-wave decomposition in the Fourier domain, a
model using the fast Fourier transform beam propagation method (FFT-BPM) will be used.
These models closely follow the models used by Fox and Li [45,30,50] and Siegman [134,135].
To understand the effect of higher order modes in the resonator, two electric fields propagate and
saturate the gain incoherently but simultaneously [134]. The first electric field has an initial
constant phase and amplitude (TEM00), while the second electric field has constant amplitude
with a single π phase discontinuity (TEM10).
The initial electric fields propagate through the resonator using the fast-Fourier transform
(FFT) method of beam propagation (38) [83,135]. This propagation is iterated until a steady state
solution is converged on, meaning the amplitude distribution remains constants (modulo a phase
an amplitude factor) after a single round trip in the resonator. While passing through the gain
medium, the gain is saturated as a four-level medium in accordance with (39), where 𝑔(𝑥, 𝑦, 𝑧) is
the unsaturated gain (40), Isat is the saturation intensity of a four level system (41), and I+ and I-

are the circulating signal intensities in the +𝑧 and −𝑧 directions. The unsaturated gain (40) is

given by the absorbed pump intensity Ip within some small sliver dz, the stimulated emission

coefficient (σe), the upper level lifetime (τ), and the photon energy of the pump wavelength (hνp).
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𝐸(𝑥, 𝑦, 𝑧) = 𝐹𝐹𝑇 −1 �𝐹𝐹𝐹{𝐸(𝑥, 𝑦, 0)}𝑒
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𝑖𝑖�𝑘02 −𝑘𝑥2 −𝑘𝑦
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1+
𝐼𝑠𝑠𝑠

𝑔0 (𝑥, 𝑦) =
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𝐼𝑠𝑠𝑠 =

ℎ𝜈𝑆
𝜎𝑒 𝜏

�

(38)

(39)

(40)

(41)

Once a solution is converged on, the output power, mode diameter, M2, and brightness
are measured. The M2 is measured by propagating the electric field until the 4-sigma diameter of
the intensity is minimized, then measuring both the near field diameter (10) and far field angular
diameter (11) to calculate the M2 (12). Output power is calculated by integrating over the
intensity distribution and the brightness is found by normalizing the output power to the M2 and
wavelength (16).
The resonator used in the modeling is designed to be similar to the resonator that will be
used in experiments, and is shown in Figure 11. The resonator consists of a planar output
coupler, two TBGs aligned to produce a circularly symmetric beam, a 1mm thick slab of
Nd:YVO4 with curved surfaces to simulate thermal lensing, and a planar high reflective mirror.
The curved surfaces of the Nd:YVO4 have long radii of curvatures giving the crystal a long focal
length with positive power. The radius of curvature tested was 5 m, 10 m, and 20 m, indicating
the effective focal length of the crystal varied from 2.5 m, 5 m, and 10 m. The total cavity length
was 12mm, with approximately 2mm between each element.
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Figure 11: Diagram of the Nd:YVO4 cavity modeled consisting of: 1) Concave, high reflective
mirror, 2) 1mm thick slab of Nd:YVO4, 3) 1.5mm thick TBG aligned to diffract in the horizontal
plane, 4) TBG aligned to diffract in the vertical plane, 5) 90% planar output coupler.

The gain element simulated was Nd:YVO4, with the material properties listed in Table 1.
For these values, the saturation intensity is 5 W/mm2, the pump absorption coefficient is
3.1mm-1, and for a 1mm thick slab of Nd:YVO4 approximately 38 W of the 40 W of pump are
absorbed.

Table 1:Properties of Nd:YVO4 used in simulation
Property

Value

Property

Value

σe

38*10-17 mm2

λs

1064 nm

τ

98 µs

λp

808 nm

n

1.96

σa

2.5*10-17 mm2

N

1.24*1017 mm-3

Pp

40 W
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The cavity was first studied to understand the relationship between the internal lens focal
length and the angular selectivity needed to maximize the brightness. The radius of curvature of
the crystal surfaces was changed from 5 m, 10 m, and 20 m, giving an effective positive focal
length of 2.5 m, 5 m, and 10 m. The pump diameter acted as a soft aperture with a diameter of 1
mm, and a hard edge was used at twice this diameter to prevent reflections from the numerical
boundary. Given the cavity length of 12 mm, the Fresnel number of this cavity is approximately
19.6, indicating it is multi-mode. A model of the empty cavity was created to understand the
multi-mode properties. In Table 2, a list of the M2 and laser brightness is shown as a function of
the lens focal length. Here, the beam quality initially is poor, and the M2 ranges from 3.1 for 10
m lens to 7.2 for a 2.5 m lens.

Table 2: Multi-mode properties of the empty cavity for a pump diameter of 1 mm and a pump
power of 40 W.
Focal length, m

M2

Brightness, W/(mm2mrad2)

2.5

7.2

0.50

5.0

7.2

0.55

10

3.1

1.96

Calculations of the TBG resonator were performed to understand the necessary angular
selectivity for single mode operation, and the impact of the thermal lensing on the maximum
achievable brightness of the system. In Figure 12, the M2 of the resonator is plotted, indicating
that an angular selectivity of approximately 2 mrad is needed to minimize the M2. However,
beyond this local minimum a narrow range of near diffraction limited beam quality occurs, and
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this range decreases with decreases focal length. For a focal length of 10 m, an angular
selectivity less than 8 mrad will produce near diffraction limited beam quality. However,
decreasing the focal length to 2.5 m requires a narrower angular selectivity range of less than 4
mrad to produce near diffraction limited beam quality. The focal length of the lens controls the
angular content of the generated beam. With shorter focal lengths, the angular content of the
cavity increases drastically increasing the number of modes that can oscillate within the
resonator. To suppress these higher order modes, larger losses are needed requiring narrower
angular selectivity.

Figure 12: M2 calculations for the 1 cm long planar resonator with internal lens of 2.5 m, 5 m,
and 10 m with a 1 mm diameter pump beam.
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Figure 13: Brightness calculations for the 1 cm long planar resonator with internal lens of 2.5 m,
5 m, and 10 m with a 1 mm diameter pump beam.

In Figure 13, the brightness of the resonator is plotted. Here, relatively modest brightness
enhancements of 2x are seen compared to the multi-mode cavities in Table 2. For wide angular
selectivity, the brightness remains near the multi-mode levels. As the angular selectivity
approaches the range where beam quality is near diffraction limited (between 1 mrad and 8
mrad), the brightness sharply increases and remains maximized within this narrow range. As the
focal length of the internal lens decreases, the peak brightness decreases, and the range where
brightness is maximized is decreased. The short focal lengths increase the angular content of the
lens, pushing more of the fundamental mode outside of the angular selectivity of the grating,
increasing the losses and decreasing the maximum obtainable brightness. In this case, the
brightness enhancement of the resonator is limited to both the improvement of the beam quality
and due to the increased losses of the resonator.
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Figure 14: Resonator losses as a function of angular selectivity of the TBGs for a lens focal
length of 2.5 m, 5 m, and 10 m.

A study of the losses generated within the resonator is shown in Figure 14. Here it is
shown that the decreasing focal length causes a large increase in the losses generated by the
TBGs. The decreased focal length increases the angular content of the generated mode,
increasing the portion of the beam filtered by the TBGs and increasing the internal resonator
losses. These increased losses decrease the maximum obtainable brightness of the resonator.
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Figure 15: Beam radius calculated for a resonator with internal lens of 2.5 m, 5 m, and 10 m and
a 1 mm diameter pump beam.

The generated mode diameter was measured and is plotted in Figure 15. Here, no
discernable relation between the lens focal length and mode size is seen. However, there is a
clear relationship between the mode size and angular selectivity of the TBG. For a wide angular
selectivity, where the beam is multi-mode, the generated mode size is limited by the pump
diameter. As the angular selectivity filters the generated mode, the mode diameter quickly
becomes limited by the angular selectivity of the TBG. For an angular selectivity less than 3
mrad, the mode diameter depends only on the angular selectivity.
The modeling was repeated using a constant focal length of 10 m, and a pump diameter
that ranges from 1.0 mm, 2.0 mm, and 3.0 mm. The multi-mode cavity was first studied, and the
results detailed in Table 3. Here, the larger pump diameter allows for higher M2 and significantly
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reduced brightness. For a pump diameter of 3.0 mm, the beam quality is reduced to an M2 of 26,
reducing the brightness of the resonator by several orders of magnitude to 0.032 W/(mm2mrad2).

Table 3: Multi-mode properties of the empty cavity for a variable pump diameter, and a fixed
lens focal length of 10 m.
Pump diameter, mm

M2

Brightness, W/(mm2mrad2)

1.0

3.1

2.0

2.0

13

0.14

3.0

26

0.032

Figure 16: M2 of the TBG filtered resonator with a lens of 10 m and a pump diameter of 3 mm, 2
mm, and 1 mm.

Plots of the M2 for the TBG filtered resonator with variable pump diameter are shown in
Figure 16. Here the minimum M2 is obtained at slightly shifted angular selectivity depending on
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the pump diameter (e.g. aperture size). For a 1 mm pump diameter, the M2 is approximately
minimized for an angular selectivity of 2 mrad, while a 3 mm pump diameter requires 0.7 mrad
of angular selectivity. This inversely proportional relationship between the angular selectivity
and the aperture size is due to the limited fundamental mode size. With a large pump diameter,
the fundamental mode doesn’t adequately fill the pumped region. A narrow angular selectivity
grating is needed to increase the mode diameter and utilize this pumped region. As shown in
section 3.3, a TBG with narrow angular selectivity will decrease the far field divergence of a
Gaussian beam, causing the near field diameter to increase.
Furthermore, the increased pump diameter decreases the range at which near diffraction
limited beam quality can be obtained. For a 1mm diameter pump, near diffraction limited beam
quality is obtained for an angular selectivity less than 8 mrad. Increasing the pump diameter to
3mm requires an angular selectivity less than 1 mrad for similar beam quality to be obtained.
With the increased aperture size, the number of transverse modes supported by the resonator is
drastically increased, increasing the losses needed to suppress these higher order modes.
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Figure 17: Brightness as a function of angular selectivity. Brightness is maximized at
approximately 1.5 mrad, when M2 is 1.2.

A study of the brightness was completed, and is illustrated in Figure 17. Here it is shown
that the maximum brightness of the TBG filtered cavity can be orders of magnitude improved
compared to the multi-mode cavity, but ultimately the maximum brightness is limited by the
losses created by the TBG. For a 3 mm pump diameter, the multi-mode cavity has an M2 of 26
and a brightness of 0.032 W/(mm2mrad2). The TBG filtered resonator has a peak brightness of
4.2 W/(mm2mrad2) with a TBG angular selectivity of 0.7 mrad. This represents an improvement
of 131 times, and demonstrates the power of the TBG filtered resonator. However, this
brightness is still much lower than could be achieved with an ideal resonator due to the added
diffraction losses. A diffraction limited beam with similar output power should have a diffraction
limited brightness of 21, nearly 5 times larger than obtained with the filtered resonator.
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Figure 18: A study of the diffraction losses added by the TBG for various pump diameters.

A study of the resonator losses is shown in Figure 18. Here, the losses are seen to be
related to the angular selectivity of the TBG. With narrow angular selectivity and a near
diffraction limited beam, the losses are nearly independent of the pump diameter, indicating that
the fundamental mode diameter remains unchanged. This is expected, because the fundamental
mode diameter is primarily determined by the mirror spacing and curvature.
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Figure 19: M2 and beam radius as a function of angular selectivity for a 10m radius of curvature
and a 1.6mm pump diameter.

In Figure 16, the angular selectivity needed for the M2 to be minimized is shown to be
inversely related to the pump diameter (e.g. aperture size). It was hypothesized that this
relationship occurs because the fundamental mode size remains unchanged for each aperture
size. With increasing pump diameter, the fundamental mode size has insufficient overlap with
the pumped region, and the higher order modes still retain sufficient gain to oscillate in the
resonator. Increased angular selectivity is needed not only to suppress these higher order modes,
but also to increase the mode diameter. In Figure 19, a study of the mode diameter is performed.
Here, the mode size is shown to be limited by the angular selectivity of the TBG for sufficiently
narrow angular selectivity.
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4.2.3. Summary
A 1 cm long cavity filtered by two TBGs has been studied using a FFT-BPM method and
a planewave decomposition analysis of the TBG. It is shown that diffraction limited beam
quality can be obtained for aperture sizes ranging from 1mm to 3 mm in diameter and for
internal lensing focal lengths of 2.5 m to 10 m. Key results of these models indicate that the
angular selectivity needed for diffraction limited beam quality is inversely proportional to the
aperture size of the resonator.
In a standard planar resonator, thermal lensing increases the angular content of the beam,
decreasing the fundamental mode size and increasing the number of transverse modes. In an
angular filtered resonator, increased thermal lensing has limited impact on the beam quality, but
instead increases the diffraction losses of the TBG. This design characteristic means that for a
fixed aperture size and cavity length, a fixed TBG angular selectivity is needed for diffraction
limited output regardless of the strength of the thermal lens.
This model indicates that TBGs can be used to design high Fresnel number cavities with
diffraction limited output. With the spatial filtering occurring in angular space, there is no
dependence on the cavity length. The diffraction limited mode area is limited by the minimum
angular selectivity of the angular filters used. Due to the millimeter thickness and approximately
micron Bragg period commonly used in TBGs recorded in PTR glass, an angular selectivity on
the order of 100’s microradians can be designed, allowing for mode areas approximately 1 cm in
diameter to potentially be designed. Such angularly filtered resonators provide a unique method
of increasing the diffraction limited mode area, and could potentially be useful for power scaling
monolithic solid state resonators or short pulsed Q-switched lasers.

60

4.3. Fiber lasers

4.3.1. Laser gain and mode competition
Many models of mode competition and laser gain exist for fibers with circular symmetry.
In particular, Gong, et al [136] have studied this process in multi-mode fibers while Huo and
Cheo [92] have studied multi-core fibers. These formulations have been adapted to the ribbon
fiber which does not have circular symmetry, and are based on the steady state, space dependent
rate equations formulated by Kelson and Hardy [137,138]. In this work, single dimensional
transverse mode selection in ribbon fiber lasers was studied both for modeling experiments in
such fiber provided by Lawrence Livermore National Lab and as an initial approach for two
dimentional mode selection in waveguiding lasers with close to cylindrical symmetry.
The three level rate steady state rate equations for the pump and signal are shown in
equations (42), (43), and (44). The forward (+) and backwards (-) traveling pump power (Pp)
depends on the fill-factor (Γp) of the pump over the doped core, the emission (σep) and the
absorption (σap) cross-sections in Yb3+ at the pump wavelength, the population inversion (N2j,
N1j) in each core j, and the loss per unit length of the cladding guided pump (αp). The signal
power (Psi) of each mode i, depends on the fill-factor (Γij) of mode i in core j, the emission (σes)
and absorption (σas) cross-sections in Yb3+ at the signal wavelength, and the population
inversion (N2j, N1j) in each core j, and the scattering losses (αsi) of each mode i.
The population inversions in each core must satisfy the steady state condition shown in
equation (44), where A is the total area of the core, h is Plank’s constant, and νp and νs are the
pump and signal wavelengths respectively. Secondly, the doping population density in each core
must be conserved, meaning Nj = N1j + N2j.
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Boundary conditions of these equations depend on the high reflective and output couplers
used. A diagram of the resonator modeled is shown in Figure 20, showing that two types of
resonators were studied. The multi-mode resonator uses a simple 4% reflection to reflect each
mode back into the fiber, while the single-mode resonator uses a TBG to filter the higher order
modes, before a 4% mirror reflects the spatially filtered modes back into the fiber.
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Figure 20: Block diagram of fiber laser with external resonator for two different configurations.
Common components consist of: 1) pump combining optics, 2) reimaging of fiber onto high
reflective mirror, 3) Gain medium, ytterbium doped fiber, 4) output coupling. A) Single-mode
operation using 5) magnification optics, 6) TBG mode selector aligned to the fundamental mode,
7) Output coupler aligned to normal of diffracted beam. B) Multi-mode operation using 5)
magnification optics, 6) output coupler aligned for maximum emission.

Given this setup, z = 0 is defined to be the location where the pump is coupled into the
fiber, while z = L is the tip of the fiber where the output coupler resides. This means the initial
pump in the fiber is equal to the pump coupled into the fiber (𝑃𝑝+ (0) = 𝜂𝑝 𝑃𝑝,0 and 𝑃𝑝− (0) = 0),
while the signal is perfectly reflected and recoupled into the fiber minus Fresnel losses (𝑃𝑠𝑠+ (0) =

0.962 𝑃𝑠𝑠− (0)). For the multi-mode resonator, no modal dependent losses exist, and the modes are

equally recoupled into the fiber given the reflectivity of the output coupler (𝑃𝑠𝑠− (𝐿) =

0.04𝑃𝑠𝑠+ (𝐿)). In the single mode case, the spatial filtering of the TBG causes modal dependent

losses (𝜂𝑒𝑒𝑒,1,𝑖 ) for the first pass, separate modal dependent losses for the second pass through

the TBG (𝜂𝑒𝑒𝑒,2,𝑖 ) as well as distortions which effects the recoupling of the modes (𝜂𝑖,𝑗 )

(𝑃𝑠𝑠− (𝐿) = 0.04𝜂𝑖,𝑗 𝜂𝑒𝑒𝑒,1,𝑖 𝜂𝑒𝑒𝑒,2,𝑖 𝑃𝑠𝑠+ (𝐿)). Output power of the system only has a single pass
through the TBG, and is therefore given by the relation: 𝑃𝑜𝑜𝑜 = ∑𝑖 0.96𝜂𝑒𝑒𝑒,1,𝑖 𝑃𝑠𝑠+ (𝐿).
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4.3.2. Guided modes and interaction with VBG
The quasi-TE guided modes of the ribbon fiber were calculated using a finite-difference
solver of Maxwell’s equations [139]. The refractive index was modeled after the ribbon fiber
used in the experiments: 13 circular cores with diameter of 8.3 μm and a refractive index of
2.54*10-3 above the cladding index of 1.45 were sampled on the afore mentioned grid. The
refractive index along the edge of the circular core was averaged to account for the gridding.

Figure 21: Calculated near field intensity distributions for the 0th, 1st, 2nd and 13th modes
shown as 2-D (left) and 1-D cross sections (right).

The near field intensity distribution of several modes is shown in Figure 21, and far field
distributions are shown in Figure 22. In the near field distributions, small ripples are visible in
the fundamental mode due to the shape of the core, although the electric field has flat phase
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fronts. Higher order modes follow the expected patterns, and have i π phase discontinuities equal
to the mode number i. The 13th mode has the largest overlap with the core, as each phase
discontinuity matches the shape of the core, and is therefore expected to have the highest gain
overlap.

Figure 22: Calculated far field intensity distributions for the 0th, 1st, 2nd and 13th modes shown
as 2-D (left) and 1-D cross sections (right). Higher order modes have a two-lobe appearance,
while the fundamental mode retains a near Gaussian appearance.

The far field pattern of the fundamental mode shows that despite the ripples seen in the
near field, the far field retains a nearly Gaussian appearance. The fundamental mode has a
divergence of approximately 17.4 mrad, while the next highest order mode is approximately 2
times this. The nth higher order mode has a two lobed appearance in the far field, with the two
lobes approximately spaced n times the fundamental mode divergence. This higher angular
divergence allows them to be spatially filtered by the TBG.
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Figure 23: Single-pass diffraction efficiency of the guided ribbon-fiber modes.

Calculations of the diffraction efficiency for a single pass through the TBG are found
using equation 6, and are plotted in Figure 23. For a normalized angular acceptance of 5, the
fundamental mode has low losses with ~99% diffraction efficiency, while significantly higher
losses can be seen for all higher order modes. When the angular acceptance of the TBG is
reduced to twice the divergence of the fundamental mode, diffraction efficiency remains >95%,
while diffraction efficiency for the i=1 mode is reduced to <85%. This contrast in modal losses is
expected to allow a resonator to support only the fundamental mode. For a TBG angular
acceptance <1.5 times the fundamental mode divergence, high losses are seen for the
fundamental mode and is expected to reduce the laser efficiency. For a double pass through the
TBG (Figure 23), the result is not quite equal to the square of the diffraction efficiency, as much
of the higher angular content has already been lost.
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Figure 24: Coupling efficiency of the diffracted i = 0 mode into the jth guided mode. High selfcoupling and low cross-coupling is needed to retain high modal purity and beam quality.

The cross-coupling efficiency was calculated for each of the diffracted modes. Plots of
the diffracted fundamental mode (i = 0) coupling efficiency into each of the guided modes are
shown in Figure 24. To insure the fundamental mode is recoupled into the fiber and excites only
the fundamental guided mode, the angular acceptance of the TBG should be twice the divergence
of the fundamental mode. When the angular acceptance is decreased to be equal to the
fundamental mode, decreased self-coupling is seen, and increased coupling of the i = 2 mode is
seen. It should be noted that even/odd modes can only be coupled into modes with similar
even/odd phase symmetries.
From these calculations, it is therefore expected that there is both an upper-limit and
lower limit where the TBG resonator is expected to be single-mode. For a TBG with too large an
angular acceptance, losses are too low for the higher order modes, while for an angular
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acceptance which is too low, cross-coupling of the fundamental mode into the higher order
modes is expected to reduce beam quality.

4.3.3. Cavity design
Using the framework shown in section 2.2, a linear oscillator using Yb-doped ribbon
fiber was modeled, and the output power of each mode was measured. The parameters used are
shown below in Table 4. For comparison, both the multi-mode oscillator and single-mode TBG
resonator were modeled. The single-mode resonator was studied both with low gain (60W
incident pump and 1.0m of fiber) and high gain (1000W of incident pump and 5.0m of fiber) to
understand how gain saturation affects the modal content of the oscillator.

Figure 25: Block diagram of fiber laser with external resonator for two different configurations.
Common components consist of: 1) pump combining optics, 2) reimaging of fiber onto high
reflective mirror, 3) Gain medium, ytterbium doped fiber, 4) output coupling. A) Single-mode
operation using 5) magnification optics, 6) TBG mode selector aligned to the fundamental mode,
7) Output coupler aligned to normal of diffracted beam. B) Multi-mode operation using 5)
magnification optics, 6) output coupler aligned for maximum emission.
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Table 4: Parameters used to model ribbon fiber oscillator.
σas

5.30 10-27 m2

σap

2630 10-27 m2

σes

303 10-27 m2

σep

2630 10-27 m2

λs

1064 nm

λp

976 nm

αsi

0.02 dB/km

αp

7 dB/km

Ak

700 μm2

Aclad

22000 μm2

τ

1.1 ms

Nj

1.8*1025 m-3

Figure 26: (Left) Plot of the output power for each mode number and (right) the modal output
power normalized to the total output power for a multi-mode resonator with 1.0m of ribbon fiber.
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Figure 27: Modeling of the single mode resonator using 1.0m of fiber and 60W of pump power.
The output powers for the first three modes are pictured with the blue representing the
fundamental mode. (Left) Output power of each mode, showing a maximum output for the
fundamental when using a TBG with an angular acceptance of 2 times the divergence of the
fundamental mode. (Right) the modal purity indicating that the system is single mode for a TBG
angular selectivity of 1-2 times the divergence of the fundamental mode.

The multi-mode resonator shown in Figure 25b was first studied. A short 1.0m section of
fiber was modeled, reducing pump absorption. This length of fiber was chosen to most
accurately reflect the experiment conducted. The launched pump power was 60W, of which
13.8W was absorbed. The total output power was 10.7W, with 75.6% of that power emitted as
the i = 12 mode (Figure 26). Due to the larger overlap with the gain, the resonator shows a
preference for emitting higher order modes, indicating that without proper controls the resonator
will have poor beam quality and low brightness.
Next, the single-mode TBG cavity shown in Figure 25a was modeled for an angular
acceptance ranging from 0.5 to 5 times the 17.4 mrad divergence of the fundamental mode. A
short 1.0m section of fiber was used, and a low pump power was used to show how the fiber
behaves with low gain saturation, and to reflect the experiment performed. The modes and losses
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due to the TBG were previously calculated as shown in the previous section. The results of this
modeling are plotted in Figure 27 (left), showing the power levels of each mode, and in Figure
27 (right) showing the output power of each mode normalized to the total output power for a
TBG with a given angular selectivity. The results of this modeling indicate that the fundamental
mode has a peak output power for a normalized angular selectivity of approximately 2.2, while
the system is only single mode for a normalized angular selectivity of between 0.5 and 2.0. What
this says, is that for large angular acceptance, less losses are seen for each mode, increasing the
system efficiency but allowing higher order modes to oscillate in the system, possibly decreasing
the brightness. For low angular acceptances, the TBG causes significantly higher losses to the
fundamental mode, hurting efficiency and causing some small amount of mode mixing as the
diffracted beam is recoupled into the fiber. Although output power has dropped from 10.7W in
the multi-mode model to 5.9W in the single-mode system, the increased losses has pushed the
system to be much closer to threshold, reducing the gain saturation and decreasing the absorbed
pump power. The efficiency of the system relative to the absorbed pump power still remains high
at 69.5%.
The single mode resonator was modeled for an optimal fiber length of 5.0m, and
significantly larger pump value of 1000W was modeled to show the effects of gain saturation.
The results of this model are shown in Figure 28, detailing the output power of each mode and
the modal purity for a given angular acceptance of a TBG. Figure 28 (right) indicates that even at
high pump power, >99% modal purity can be seen for the fundamental mode. Due to the high
gain saturation, the higher losses are needed to suppress the higher order modes, and the required
angular acceptance has been reduced to less than 0.95 times the fundamental mode divergence.
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At this level of angular acceptance in the TBG, a sharp increase in losses for the fundamental
mode is seen, creating a narrow window at which the efficiency and brightness will be
maximized (Figure 28 (left)).

Figure 28: Modeling of the single mode resonator using 5.0m of fiber and 1000W of pump
power. The output powers for the first five modes are pictured with the blue representing the
fundamental mode. (Left) Output power of each mode, showing a maximum output for the
fundamental when using a TBG with an angular acceptance equal to the divergence of the
fundamental mode. (Right) the modal purity indicating that the system is single mode for a TBG
angular selectivity near 0.95 times the divergence of the fundamental mode.

4.4. Discussion
Modeling has demonstrated the validity of the approach to using transmitting Bragg
gratings as a method of selecting the fundamental mode in a resonator for either a solid state or
fiber laser. For narrow angular selectivity, the higher order modes can filtered out, allowing for
near diffracted limited beam quality and enhanced brightness at the cost of decreased efficiency.
In a solid state resonator, diffraction limited performance can be achieved in compact resonators
with large Fresnel numbers up to N = 100. In fiber lasers, diffraction limited performance can be
achieved in high gain. Efficiency in fiber lasers is limited due to the spreading of the diffracted
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beam, causing a mismatch between the diffracted beam and the guided fundamental mode, and
exciting higher order modes. Despite the losses in efficiency, beam quality is expected to
improve by an order of magnitude or more, enhancing the brightness.
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CHAPTER FIVE: BRIGHTNESS ENHANCEMENT OF A SOLID STATE
LASER

5.1. Introduction
Design of solid state resonators requires both long cavity lengths and small apertures to
produce high beam quality. When seeking to design compact resonators with lengths less than
10mm, apertures below 100μm are required, limiting the circulating intensity within the
resonator. One proposal to increase the mode area has been to use angularly selective elements in
the cavity. As shown by Bisson, et al, such elements can both improve the beam quality and
increase the mode area of the fundamental mode [51]. As one such element, the use of angularly
selective volume Bragg gratings has been proposed [131–133]. Such elements have been
demonstrated to improve the beam quality of solid state resonators, fiber lasers, and diode lasers.
A series of experiments and modeling has been proposed in order to measure both the brightness
enhancement possible from such systems, and the angular selectivity necessary to achieve single
mode output.

5.2. Experimental Results
A 1cm long, planar resonator was constructed using a 1mm thick slab of 1 at. % doped
Nd:YVO4. The resonator consisted of two orthogonally aligned TBGs to provide a circularly
symmetric, spatially filtered beam. The resonator is shown in Figure 29 with the vertically
aligned TBG not shown for image clarity.
The thin Nd-doped crystal is strongly birefringent, and absorbs approximately 95% of the
pump polarized along the c-axis. As the pump diode is approximately 60% polarized, the
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absorption efficiency is only 75%. Without any means of cooling the crystal, a quasi-CW pump
diode had to be used to reduce thermal loading and prevent catastrophic damage to the crystal.
The Nd:YVO4 was pumped using a quasi-CW 808nm diode with a 200µs pulse with and 3.1%
duty cycle. The peak power of the pump diode was 50W, allowing for an average absorbed
power of 1.5W. For 1.5W of average absorbed power, a thermal lens of approximately 12m is
estimated to exist within the crystal, meaning the results should be comparable to the modeling
studied.

2)
1)

4)
3)

Figure 29: Image of the 1cm long planar TBG resonator consisting of: 1) Planar high reflective
dichroic mirror (99%R 1064nm/95% T 808 nm), 2) 1mm thick Nd:YVO4, 3) TBG, 4) 90%
planar output coupler.
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Table 5: Properties of the TBGs used in the experiments.
Angular selectivity (FWHM)

Diffraction Efficiency

1.8 mrad

97%

2.4 mrad

98%

4.7 mrad

98%

6.2 mrad

97%

7.1 mrad

99%

10.7 mrad

99%

The beam quality and slope efficiency of the resonator was studied as a function of the
angular selectivity of the TBG and the diameter of the pump beam. The TBGs used in this
experiment are shown in Table 5. The diffraction efficiency of each TBG are expected to add
additional losses to the resonator ranging from 4% to 12% impacting the efficiency, but could be
minimized in an optimized system. The pump beam is expected to act as a soft aperture, and the
Fresnel number of the cavity is calculated with respect to the pump diameter as the aperture size.
As shown earlier in section 5.2.2, for larger pump diameters many higher order modes are
allowed to resonate, and a narrower angular selectivity is needed to filter these modes and
improve the beam quality.
Using a 0.8mm diameter pump beam, the M2 and laser efficiency was measured as a
function of angular selectivity. With no TBG in the resonator, the Fresnel number of the cavity is
estimated to be 15, and the M2 is measured to be >5. The cavity is highly multi-mode with low
brightness, as expected for the short planar cavity. An example of the beam is shown in Figure
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30, demonstrating the poor beam quality. It was found that using a 7.1 mrad TBG would improve
the beam quality to an M2 of 1.18 and a slope efficiency of 30%. The beam quality could be
further improved to 1.05 using a 6.2 mrad angular selectivity, but the small improvement in M2
came with increased losses, reducing slope efficiency to 23%. This behavior is expected
according to the modeling in section 5.2.2. Brightness is expected to be maximized for a narrow
range of angular selectivity, where losses are maximized for the higher order modes. Further
reduction in the angular selectivity only results in increasing the losses for the lowest order

Intensity

mode, hurting efficiency and brightness. The results are summarized in Table 6.

Figure 30: (Left) Multi-mode output with no TBGs, M2 is >5. (Right) Single mode output using
6.2 mrad TBG.
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Table 6: Summary of results for 1cm long resonator with 0.8mm diameter pump beam and N =
15.
Angular selectivity

M2

Slope efficiency

None

>5

55%

10.7

1.45

30%

7.1

1.18

30%

6.2

1.05

23%

The experiments were repeated with a larger pump diameter of 1.6mm. The results of this
experiment are listed in Table 7. The larger pump diameter increases the aperture of the system,
increasing the Fresnel number of the system to 60. With a larger aperture in the system, higher
angular content is allowed to resonate, and without an increase in the cavity length of the system,
the spatial of the coherence of the system decreases hurting the beam quality. Using an angularly
selective element in the cavity forces the electric field to have a divergence within the angular
selectivity of the TBG, improving the spatial coherence and beam quality. With a 1.6mm pump
diameter, the beam quality can be improved to M2 of 1.3 using a TBG with angular selectivity of
1.8 mrad.
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Table 7: Beam quality and efficiency measurements for 1cm resonator with 1.6mm pump
diameter, Fresnel number is N = 60.
Angular selectivity

M2

Slope Efficiency

6.2 mrad

2.4

13%

4.7 mrad

2.2

16%

2.4 mrad

1.4

13%

1.8 mrad

1.3

10%

The experiments were repeated with a larger pump diameter of 2.0 mm. However, this
large pump size significantly reduced the pump intensity, and a higher reflective output coupler
of 98% was needed to lower the threshold. The efficiency measurements aren’t listed as they
aren’t comparable to the previous measurements due to the different output couplers. The beam
quality measurements are listed in Table 8. The larger pump diameter increases the aperture of
the system, increasing the Fresnel number of the system to 96. Even with the increased aperture
size, near diffraction limited beam quality of M2 = 1.4 can be obtained using a TBG angular
selectivity of 1.8 mrad.
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Table 8: Beam quality for a 1 cm resonator with 2.0 mm pump diameter. The Fresnel number of
the resonator is N = 96. Due to the low pump intensity, a 98% output coupler was needed.
Angular selectivity

M2

2.4

1.7

1.8

1.4

The theoretical model of section 4.2.2 was repeated for the pump diameters and pump
intensity of the experimental resonators demonstrated in this section. A thermal lens of 10 m was
used and is estimated to be similar to the thermal lens produced by this resonator. The results of
this model are compared to the beam quality measurements and plotted in Figure 31. Here, the
general trends of the experimental data are seen to match that predicted by the theoretical model.
With increasing aperture size, narrower angular selectivity is needed for diffraction limited beam
quality.

Figure 31: Comparison of the measured beam quality to the modeling data.
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5.3. Discussion
The modeling and experimental results show strong potential for the applicability of this
technology to the design of compact resonators with large mode areas. As shown in the
modeling, there are two main features that are highly desirable for compact resonators. First,
with large high Fresnel number cavities (e.g. N = 60), diffraction limited beam quality can be
obtained. Unlike a traditional resonator, an M2 near 1 can be obtained for a resonator
independent of cavity length or aperture size. This feature has been confirmed experimentally by
obtaining an M2 of 1.1 in an N = 15 resonator and an M2 of 1.3 in an N = 60 resonator.
Secondly, for very narrow angular selectivity the beam radius is determined by the
angular selectivity of the TBG and not by the cavity parameters. As shown in the modeling, for
an angular selectivity below 3 mrad both radius of curvatures of 10m and 1m have equal waist
sizes. Typically the mode area is determined by the radius of curvatures of the mirrors and the
cavity lengths. For a curvature of 10m and a cavity length of 12mm, the fundamental mode
diameter is expected to be 0.68 mm, nearly half of the 1.5mm diameter obtained with a 1 mrad
grating. However, measurements have not yet been made to confirm this effect.
The increase of mode area and improvement of beam quality comes with a cost, and
additional losses are added to the cavity. The additional losses mean that the most efficient cavity
designs will have high gain and low reflective output couplers to maximize the extracted powers.
However, despite the additional losses added the brightness is significantly improved. For the
800μm pump diameter resonator, the beam quality was improved from M2 = 5 to M2 = 1.1, and a
brightness enhancement of 11 is demonstrated. For larger aperture sizes, orders of magnitude of
brightness enhancement are expected due to the larger improvements in beam quality. Ultimately
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the angular filtered solid state resonator unlocks compact cavity designs with diffraction limited
output which could not be designed with traditional spatial filters.
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CHAPTER SIX: BRIGHTNESS ENHANCEMENT OF A RIBBON FIBER
Increasing the dimensions of a waveguide provides the simplest means of reducing
detrimental nonlinear effects, but such systems are inherently multi-mode, reducing the
brightness of the system. A method of using the angular acceptance of a TBG to select the
fundamental mode of a fiber laser resonator is proposed as a means to increase the brightness of
multi-mode fiber lasers. Modeling is used to demonstrate how this system works based on the
interaction of the TBG with the modes, and the effects of gain saturation to prevent higher order
modes from oscillating in the system. A ribbon fiber with dimensions of 107.8μm by 8.3μm is
used to create an external cavity resonator, using a TBG as an angular spatial filter. It is
demonstrated that the TBG increases the beam quality of the system from M2 = 11.3 to M2 =
1.45, while reducing the slope efficiency from 76% to 53%, overall increasing the brightness by
5.1 times.

6.1. Introduction
Power scaling in narrow linewidth fiber lasers is frequently limited due to several
detrimental nonlinear effects, such as stimulated Brillouin scattering (SBS), stimulated Raman
scattering (SRS) and thermal lensing [25,70]. To counteract such nonlinear effects, designs of a
fiber with rectangular dimension, or ‘ribbon’ fiber, have been proposed [140]. The increased area
of the core allows for decreased nonlinear effects, while the high aspect ratio of the fiber allows
for a larger surface area to volume ratio, improving heat extraction and decreasing any thermally
induced nonlinear effects. However, current designs of the fiber allow for multiple guided modes
within the core, hurting the beam quality and brightness of the output. The angular selectivity of
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transmitting Bragg grating is proposed as a means to provide sufficient losses for the higher
order modes and improve the brightness of multi-mode fibers lasers with high aspect ratios,
Much work has been done in recent years on improving the beam quality of multi-mode
fibers lasers, and in particular, fibers with large aspect ratios, such as ribbon fibers [90,91,141].
For multi-mode fibers it has been found advantageous to use a pure higher order mode, which
has increased gain overlap and improved stability. Methods have been devised to excite and
amplify a pure higher-order mode with high efficiency [141] and systems have been devised to
convert this mode to a single Gaussian beam [142]. Alternatively, exciting the fundamental mode
provides a high-brightness beam and requires fewer components. Tightly coiling the fiber along
the multi-mode axis to induce bending loss for the higher order modes is a popular method of
mode selection [77], but becomes less efficient for larger core sizes and is counterproductive in a
ribbon fiber where the fiber will be coiled and cooled through the fast axis. Secondly, some
ribbon fibers have been designed to be naturally lossy for the higher order modes [90,91].
A method of selecting the fundamental mode based on the angular selectivity of volume
Bragg gratings (VBGs) recorded in photo-thermo-refractive (PTR) glass [114] is presented, has
previously been used for semiconductor and solid state lasers [131,133]. Mode selection occurs
due to the narrow angular acceptance of the VBG, resulting from a reduction in diffraction
efficiency for plane waves which are detuned from the Bragg condition in either wavelength or
angle [59,103,143]. For the modes of a fiber, this angular acceptance of the VBG is convolved
with the angular spectrum of the beam, reducing the effective diffraction efficiency of the VBG
for modes with angular content outside the VBG transmission bandwidth [59,143]. For a higher
order fiber mode with a given divergence, the diffraction efficiency of the VBG for that mode
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will be reduced by a factor corresponding to the convolution of the angular acceptance of the
VBG with the angular spectrum of the beam, resulting in mode dependent loss in the resonator.
By carefully choosing the angular acceptance of the VBG to sufficiently increase the losses of
the higher order modes, mode competition and gain saturation prevent the higher order modes
from being emitted from the resonator. Under these conditions, a resonator can be made to
operate with a single transverse mode. It is important to note that reflecting VBGs (Bragg
mirrors) operating close to normal incidence produce cylindrically symmetric 2-D selection
(round diaphragm in angular space) while transmitting volume Bragg gratings (TBGs) produce
selection in only one direction (slit in angular space). It is clear that for sources with strong
astigmatism (semiconductor laser diodes or ribbon fibers) that already have single mode
emission in the fast axis direction, TBGs could be ideal mode selectors.

6.2. Experimental Results
A linear oscillator was constructed using a 1.0m section of an active ribbon fiber as the
gain medium. A cross section of the fiber is shown in Figure 32. The core consists of 13 Yb3+
doped silica rods with dimensions of approximately 8.3 μm in diameter, and each have a
refractive index of 2.54*10-3 above the silica cladding. The core dimensions are approximately
8.3 μm by 107.8 μm, while the inner diameter of the cladding is 167μm. The cladding absorption
is approximately 2.2 dB/m at 915.
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Figure 32: Microscopic image of an air clad, 13 core Yb-doped ribbon fiber. The core is
approximately 107.8 μm along the slow axis and 8.3 μm in the fast axis.

To study transverse mode selection in a ribbon fiber laser, the external resonator shown
in Figure 25a was constructed and compared to the output from the multi-mode resonator shown
in Figure 25b. The resonator is a linear cavity, with two sets of magnification optics to form an
image of the fiber facets on the feedback mirrors. At the back end of the fiber, a high reflecting
mirror is used for feedback and combined with the pump to be coupled into the fiber. At the front
end of the fiber, the fiber modes are magnified by a factor of 6.7 and, for the single mode
configuration, diffracted by a TBG with angular selectivity and diffraction efficiency shown in
Table 9. The TBG is aligned to provide maximum diffraction efficiency for the fundamental
mode. After diffraction, the Fresnel reflection from a wedge is used as an output coupler and
aligned to provide maximum feedback for the fundamental mode. In this system, the
magnification optics are only necessary to match the angular content of the fundamental mode
with the angular selectivity of the TBG. Practical iterations of this system could implement an
optimized TBG, and allow for many of the free space components to be removed.
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Table 9: Parameters of TBGs used in fiber resonator
Angular Selectivity, mrad

Diffraction Efficiency, %

1.8 mrad

97%

2.4 mrad

98%

4.7 mrad

98%

7.1 mrad

99%

According to modeling, the fundamental mode is expected to have a divergence of
approximately 2.6 mrad, meaning according to section 4.3.3 the angular selectivity needed for
single mode operation should be between 2.4 mrad and 5.2 mrad depending on the pump power.
A study was done to understand the angular selectivity needed to maximize the brightness and
the results are plotted in Figure 33. These results indicate that an angular selectivity between 2.4
mrad and 4.7 mrad will maximize the brightness of the resonator. Due to the small side lobes
which exist for the 2.4 mrad TBG, narrower angular selectivity will improve the beam quality at
the cost of drastically reduced efficiency. This implies the 1.8 mrad is not reducing the higher
order mode content of the resonator, but is only filtering out the fundamental mode.

87

Figure 33: Beam quality and efficiency results for the TBGs in Table 9 for the fiber resonator in
Figure 25.

Using a TBG with 4.7 mrad, measurements of the beam quality along the slow axis were
compared to the multi-mode output. Measurements were conducted at the maximum output
power using an M2 meter. The far field images for the single-mode system are shown in Figure
34, demonstrating the improvement in the beam quality and the near Gaussian shape. The beam
waists are shown in Figure 35. The multi-mode system had poor beam quality with M2=11.3. In
the single-mode resonator, the M2 was significantly improved to 1.45.
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Figure 34: Comparison of angular content of the multi-mode (top) and TBG stabilized beam
(bottom).

Figure 35: Comparison of beam quality for the multi-mode (M2 = 11.3) and single mode (M2 =
1.45) case.

Slope efficiency was measured and compared for the multi-mode and single-mode
resonators, and is shown in Figure 36. In the multi-mode system, the absorber power slope
efficiency was of 76% with a threshold of 1.5 W, producing a maximum output power of 17.3 W
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for an absorbed power of 23.9 W and a brightness of 0.878 W/(mm2mrad2). In the single mode
system, slope efficiency is reduced to 53% and threshold is increased to 1.9 W, giving a
maximum output power of 11.3 W for an absorbed pump power of 23.7 W and a brightness of
4.45 W/(mm2mrad2). The single-mode beam was observed to be stable through the tested range.
Some reduction in slope efficiency can be attributed to the features of the TBG used in the
experiments. The TBG has a maximum diffraction efficiency of 98%, while the overlap with the
fundamental is predicted to reduce the effective diffraction efficiency to 95%. Additional losses
are being investigated. However, despite the additional losses, brightness was improved by a
factor of 5.1 due to the dramatic improvement of beam quality.

Figure 36: Comparison of absorbed power slope efficiencies for the multi-mode and single-mode
systems. The dashed line represents the multimode cavity with a slope efficiency of 76%. The
solid line represents the single-mode cavity with a slope efficiency of 53%.

6.3. Analysis of losses
In the above resonator, the output efficiency of the fundamental mode is approximately
53% compared to the 77% efficiency of the multi-mode resonator. According to Section 4.3.3,
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diffraction losses are expected in an ideal TBG fiber oscillator due to the narrow angular
selectivity cutting off portions of the fundamental mode. However, for an ideal oscillator these
losses are only expected to reduce the efficiency from 77% to 64%, almost half the losses as seen
in the experimental resonator. To better understand the mechanism behind the losses,
experiments were made to understand the distribution and proportion of losses in the resonator.
A diagram of the resonator and one mechanism behind the losses are shown in Figure 37.
Here, the TBG diffracts the fundamental mode to be incident on the output coupler. Any light
with angular content outside the angular selectivity of the TBG is transmitted, receiving no
feedback. As shown in Section 4.3.3, a TBG with angular selectivity between 1 and 1.5 times the
diffraction limited divergence is expected to maximize the brightness of the resonator,
corresponding to an effective diffraction efficiency for the fundamental mode of ~90%. This
means that for an oscillator with a 4% output coupler and 15 W of output power, 17.4 W of
output power will be incident on the TBG and 2.4 W of output power will exit the resonator as
losses.
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Losses

Output

Figure 37: Diagram of diffraction losses for fiber resonator.

Measurements of the losses for the experimental resonator in section 6.2 are plotted in
Figure 38. Here the total multi-mode output power is compared to the combined output power
and losses from the single-mode resonator. The multi-mode resonator has an efficiency of 77%.
Measurements of the losses indicate that 16% of the absorbed pump is lost to diffraction, while
53% is converted to usable output power. The combined losses and output power only account
for 67% of the output power, meaning an additional 13% of pump power is unaccounted for. It is
believed that the unaccounted power exist as cladding light in the multi-mode fiber. This
cladding light is filtered by the TBG, and is not coupled back into the resonator.

92

Figure 38: Analysis of the resonator losses. The TBG has an effective diffraction efficiency of
77% in the resonator, and the total power (including losses) shows that 67% of the absorbed
pump is converted to the signal wavelength. The multi-mode efficiency is approximately 77%,
showing that additional loss mechanisms exist.

Figure 39: Analysis of the intensity profiles of the losses for the ribbon fiber oscillator.
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From the previous analysis, the relative diffraction efficiency of the TBG is measured to
be 77%, lower than the 85% to 90% effective diffraction efficiency expected. Analysis of the
spatial distribution of the diffraction losses are shown in Figure 39. Here, the reduced diffraction
efficiency is due to the non-uniform mode profile incident on the TBG. Even though the
diffracted beam has nearly diffraction limited beam quality and brightness, the transmitted losses
have non-uniform distribution. This indicates either significant low NA cladding light is guided
within the fiber, higher order modes are being excited by the fiber, or that non-uniformities exist
in the fiber hurting the transverse mode profile. Calculations from section 4.3.3 show that the
percent higher order mode content is expected to be significantly lower than 1%, an cannot
account for the profile seen in the transmission losses, and it is believed that non-uniformities in
the fiber account for some of the mode distortions.
To understand the uniformity of the fiber, analysis of the ASE is shown below in Figure
40. Here, obvious defects are seen in the near field profile of the fiber, and distortions of the far
field profile. It is unclear what causes these defects, and could be due to either non-uniform
doping profiles in the fiber, or surface damage to the fiber caused from cleaving the fiber.
Microscope images of the fiber indicate no clear surface damage, as shown in Figure 32.
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Figure 40: Analysis of the ASE illustrating that small non-uniformities exist in the fiber, which
possibly impacts the fundamental mode profile and resonator efficiency.

6.4. Discussion
In conclusion, a single-mode resonator using a multi-mode ribbon fiber as the gain
medium has been demonstrated. Using a TBG as an angular spatial filter in the resonator forced
the fundamental mode to oscillate in the system, and improved the M2 from 11.3 to 1.45 without
reduction in beam quality throughout the pump range. Reduction in slope efficiency from 77% to
53% was observed. Thus, total enhancement of brightness was about 5 times. However, a large
portion of these losses are due to non-uniformities that exist in the fiber and cladding light which
exists in the multi-mode fiber. Modeling indicates that in an ideal system, slope efficiency of the
single mode system should be 64%, indicating a much larger brightness enhancement scalable to
output powers of more than a kilowatt.
This achievement opens the possibility of using multi-mode ribbon fibers as a simple
means increasing the core area and power scaling beyond traditional nonlinear effects which
exist for fibers with small cores. The high-aspect ratio of the ribbon fiber allows for cooling,
allowing for a flat thermal profile to exist in the fiber. The astigmatic angular selectivity of the
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TBG is perfectly matched to spatially filter the modes of the multi-mode ribbon fiber, allowing
for higher brightness sources to be created.
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CHAPTER SEVEN: MODE CONVERSION BY MULTIPLEXED TBG

7.1. Introduction
Power scaling in fiber lasers has typically been limited by several nonlinear effects:
Stimulated Brillouin scattering, stimulated Raman scattering, and thermal lensing [25,26].
Mitigating each of these effects can be achieved by increasing the effective area of the transverse
mode guided by the fiber. However, for circular core fibers, increasing the mode diameter
beyond approximately 50 μm dramatically increases the cross coupling of the fundamental mode
induced by bending [25].
𝐴𝑒𝑒𝑒 2
2
�𝑛𝑒𝑒𝑒,1 − 𝑛𝑒𝑒𝑒,2
� = 𝑐𝑐𝑐𝑐𝑐
𝜆20

(45)

For a given step index fiber design, the effective index of the LP01 and LP11 modes are
approximately defined by the relationship in (46) [25]. Cross coupling of the modes due to
scattering, bending, or thermal mode instabilities are proportional to the difference in the
effective index of the guided modes (𝑛𝑒𝑒𝑒,1 − 𝑛𝑒𝑓𝑓,2 ). This means that any gains to the reduced
nonlinear effects by increasing the mode area (Aeff) are naturally offset by the reduced effective

indexes. This clamps the maximum achievable effective area to ~1000 μm2 [25,144]. Specialty
fiber designs are needed to dramatically increase the mode area. A fiber propagating a higher
order mode is one such solution proposed to increase the mode area and reduce the bending
induced modal distortions [145].
The ribbon fiber has been proposed as a fiber capable of scaling beyond the nonlinear
limits for specialty core fibers [90,91,140,141,146]. Such a fiber would be designed to have a
rectangular core, with one dimension narrow for single mode propagation and the orthogonal
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axis wide to increase the mode area. The rectangular core would have a larger surface area to
volume ratio as compared to the circular core, allowing for better heat extraction, dramatically
increasing the thermal limits. Furthermore, the fiber could be bent along the narrow axis to
reduce cross coupling of the transverse modes along the wide axis.
For single mode propagation along the fast axis of the fiber, the dimensions would need
to be less than 10μm, as limited by current numerical aperture designs of silica fibers. To
increase to mode area of the fiber beyond 1000 μm2, this requires the slow axis to have
dimensions beyond 100μm, meaning the slow axis will necessarily guide multiple transverse
modes. As previously noted, the multiple guided modes can be advantage as long as a pure
higher order mode can be excited and amplified. By exciting a pure higher order mode, several
advantages are gained. First, the difference between the effective indices for higher order modes
is larger when compared to the LP01 and LP11 modes. Cross coupling between modes is reduced,
allowing for better stability and reduced bending induced mode distortions [25,144] Finally, in a
fiber with wide dimensions, the LP01 mode has reduced intensity at the edges of the core,
reducing the power extracted from an amplifier. Higher order modes have increased intensity at
the edges of the core, allowing for more uniform gain saturation and better power extraction
from the fiber.
Several previous attempts have been made at exciting a higher order mode and
converting said mode to a high brightness diffraction limited beam [141,142,147,148]. Attempts
have been made using binary phase plates, long period gratings, and axicons. In the case of a
pure binary phase plate, mode conversion to improve the brightness is impossible [149]. Each of
these are limited both in the modal purity of the converted higher order mode, manufacturing
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complications, and difficulties in the number of elements required for mode conversions. A new
method of higher order mode selection and conversion using a multiplexed transmitting Bragg
grating (MTBG) is demonstrated. An external cavity resonator is developed using the MTBG as
both a mode selecting and mode converting element, producing a single lobed beam containing
60% of the total power and diffraction limited divergence and 51.4% slope efficiency.

7.2. Multiplexed VBGs
Theoretical descriptions of plane waves interacting with single VBGs have been
performed using coupled wave theory by Kogelnik [103], and theoretical descriptions of VBGs
recorded in PTR have been performed by Ciapurin, et al [115,116]. Continuations of this theory
to include coherent multiplexed VBGs have been performed by Mokhov, et al [150]. For a
�⃗1 to scatter an incident wave
single grating, it is known that for a grating with Bragg vector of 𝐾
�⃗𝑎 ) along the wave vector (𝑘
�⃗𝑐 ), all three vectors must satisfy the Bragg condition (46). If a
(𝑘

�⃗2 ) which satisfies the Bragg
second grating is recording in the glass with Bragg vector (𝐾
�⃗𝑏 ) to be diffracted along the same wave (𝑘
�⃗𝑐 ). Both gratings will act
condition (45) for a wave (𝑘

coherently with each other. Depending on the relative phasing between an incident A and B
wave, they may either coherently add the waves to propagate along C wave (in-phase case) or
coherently subtract the waves such that they propagate along the B and A wavevectors (out of
phase case). Such multiplex gratings have previously been useful a coherent combining elements
for fiber laser systems [129,151,152], but have required either active feedback from either a
resonator or electronic control to control the phasing between the A and B waves to maintain the
in phase coherent addition of the waves. This device is intended to be used as a mode converting
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system to convert a higher order mode to a single mode system. Phase matching of the higher
order mode will automatically occur due to the equivalent path lengths the beam will travel
propagating to the MTBG, making the element useful for amplifiers.
�⃗𝑎 − 𝐾
�⃗𝑐
�⃗1 = 𝑘
𝑘

�⃗𝑏 − 𝐾
�⃗𝑐
�⃗2 = 𝑘
𝑘

(46)
(47)

Figure 41: Illustration of MTBG detailing the coherent diffraction of two waves (A, B) into the
common Bragg angle (C). Alternatively, in the reverse direct, the incident C wave is diffracted
equally into the A and B waves.

For this experiment, a MTBG with two gratings was recorded, similar to the illustration
in Figure 41. For an incident beam on the MTBG, the transmission was measured as a function
of rotation of the MTBG and is plotted below in Figure 42. With the MTBG normal to the beam,
the setup is similar to having a C wave incident on the MTBG and split into the A and B waves.
Transmission for the C wave was measured to be 0.6% with an angular selectivity of 20.87 mrad.
Rotating the grating by -52.64 mrad causes the incident beam to interact as the A-wave with the
MTBG, and transmission was measured to be 34.51% with an angular selectivity of 13.89 mrad.
100

Rotating the MTBG to 49.01 mrad relative to the normal causes the beam to interact as the B
wave, and transmission was measured to be 14.80% with an angular selectivity of 15.67 mrad.
The low transmission of the C wave indicates the MTBG will be useful as a coherent splitter,
with nearly 100% of the incident power being diffracted. The unequal transmission for the A and
B wave indicates that each grating has different strengths. For an incident C wave on the MTBG,
the A and B waves will have different relative powers after splitting by the grating. For an
incident A and B waves on the grating, it is unclear how this will affect the coherent conversion
of these beams to the single mode C wave Ideally, both gratings will have equal strengths,
although it is unclear how the unequal strengths will negatively impact the experiment if at all.

Figure 42: Measured transmission of the MTBG used in the mode conversion experiments. For a
wave incident at 0°, 99.4% is diffracted with 47.4% of the incident power diffracted along 52.64
mrad and 52.1% diffracted along +49.01 mrad.
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7.3. Mode conversion
For the experiments that will follow, an experimental Yb-doped ribbon fiber was
developed. The fiber consists of 13 Yb-doped rods, with a refractive index of Δn = 2.54x10-3
above the silica cladding and an absorption of 2.2 dB/m at 915 nm. The core has a width of 107.8
μm along the slow axis and 8.3 μm along the fast axis, guiding approximately 13 modes and
nearly 1 mode along each axis respectively. Higher order modes of the ribbon fiber were
simulated in section 4.3.2 using a finite difference model, and are plotted in Figure 21 and Figure
22 . The near field pattern of the fundamental mode has an almost uniform Gaussian appearance,
while the higher order modes have very clear nulls caused by π phase discontinuities. Likewise,
the fundamental mode is shown to have a single peak in the far field, while the higher order
modes have two peaks in the far field diverging at successively larger angles. These two far field
peaks of the higher order modes will be useful when interacting with the MTBG. The two far
field peaks will act as both the A and B waves incident on the MTBG, and when reimaged onto
the MTBG will travel the same path length, automatically providing path length matching to
coherently convert the two lobed beam into a single diffraction limited beam.
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Figure 43: (Left) Numerically calculated near field intensity of the 13th guided modes of the
ribbon fiber used in these experiments. (Right) far field intensity of the same guided mode. Note
the two lobe appearance in the far field, useful for combination using the MTBGs.

Figure 44: Mode conversion experiments showing conversion of the fundamental mode of the
ribbon fiber into the higher order mode of the fiber. In the near field (left) a Gaussian beam is
diffracted by the MTBG to produce a higher order mode (bottom). In the far field (right) this
Gaussian beam (top) is split to produce the characteristic far field pattern of a higher order mode
(bottom).
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To first understand the mode conversion properties of the MTBG, a demonstration is
performed using the MTBG as a converted of a single mode beam to a pure higher order mode.
The fundamental mode of the ribbon fiber (From section 6.2) is incident along the C-wave of the
MTBG shown in Figure 41. The incident wave is split almost equally amongst the two A and B
wave channels, and is reimaged to show the near and far fields of the converted beam. The near
and far field pattern of the incident Gaussian beam is shown in Figure 44(top), after the
diffraction by the MTBG the near and far field profiles are changed to that of a higher order
mode (bottom).

7.4. Resonator design
A resonator is constructed using the angular selectivity of the MTBG to suppress lasing
action of all modes except the 13th guided mode of the ribbon fiber, while simultaneously using
the coherent properties of the MTBG to convert the beam from a pure higher order mode to a
usable, single mode, high brightness beam. The resonator constructed is illustrated in Figure 45.
Mode conversion using the MTBG is more closely examined in Figure 46, showing the higher
order mode guided within the fiber, the two lobed divergence of the higher order mode which
reimaged onto the MTBG, and the coherent addition of the two A and B waves to be diffracted
along the common Bragg angle along the C wave. The ribbon fiber used in this experiment is the
same as used in section 6.2 and shown in Figure 32.
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Figure 45: Resonator design of HOM selector and converter, consisting of 1) Pumping
combining optics, 2) High reflective mirror, 3) Ribbon fiber with 107.8 μm width and 8.3 μm
height, 4) Mode matching optics, 5) MTBG, 6) Output coupler.

Figure 46: More detailed illustration of the higher order mode conversion using the MTBG. (1)
The higher order mode is guided within the fiber and diverges producing the characteristic two
side lobes in the far field, (2) the higher order mode is reimaged onto the MTBG, each side lobe
is aligned to be diffracted as either the A or B wave by the MTBG, (3) the mode coherently
interacts within the grating, each being diffracted along the common C wave of the MTBG, (4)
the mode diverges into a single lobe far field pattern.
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Figure 47: Comparison of the output powers for a multi-mode resonator (dashed) with 73.4%
slope efficiency, the pure higher order mode resonator (red) with 51.4% slope efficiency,
compared to the fundamental mode resonator (blue) used in section 6.2 with a slope efficiency of
53%.

With the system aligned, the output power from the resonator was measured and
compared to the uncontrolled multi-mode output of the system and is plotted in Figure 47. For
the multi-mode output, the slope efficiency is measured to be 71.4%, and in the pure higher order
mode the slope efficiency is reduced to 51.4%. Some losses are added due to the diffraction
losses of the TBG, but these are expected to be low. Other losses can be expected if the
scattering losses for each mode are different. The fiber used is experimental, and it is unclear if
the scattering losses of each mode are equal, but from experience aligning the system certain
modes can have higher efficiencies in the resonator. The efficiency obtained for higher order
mode selection is comparable to other methods of spatial mode selection using this fiber. In the
fundamental mode selection experiment from section 6.2, a slope efficiency of 53% was
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obtained. A method using a phase plate as the mode conversion element in a HOM amplifier
configuration by Drachenberg, et al also achieved a comparable slope efficiency of 50% [141].

Figure 48: (Left) Image of the far field mode profile oscillating within the resonator (before
conversion to the single mode). After interacting with the MTBG the far field becomes single
mode. (Center) Far field images of the output from the resonator at 0.143 W and (Right) pump
limited 5.41 W. No distortions are seen in this small power range, and it is believed higher output
power can be obtained without distorting the mode profile.

A far field image of the higher order mode oscillating within the resonator is shown in
Figure 48, illustrating the two lobe appearance of this mode. After interacting with the TBG, this
higher order mode is converted to a single peak in the far field (Figure 48). The two sidelobes of
the higher order mode are incident on the MTBG as the A and B waves, and the narrow angular
selectivity of grating 1 and 2 diffracts most of the power to travel along the C wave. Due to the
narrow angular selectivity of grating 1 and 2, some residual power remains as side lobes in the
converted beam (Figure 48).Although it has been shown that for a simple binary phase plate the
M2 beam quality cannot be improved [149]), it is believed that by using an optimized MVBG
these sidelobes can be suppressed resulting in more power in the diffraction limited central lobe.
Notably, when increasing the output power from 0.143 W to 5.41 W no distortions are seen in
the beam, and the sidelobes remain at the same level relative to the main peak.
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Figure 49: Comparison of the far field profile of the mode converted output (solid) with the
expected diffraction limited output (dashed). The measured far field divergence is 10.6 mrad,
while the diffraction limited output is expected to be 10.2 mrad.

Closer analysis of the single mode output from the resonator is shown in Figure 49. The
single mode obtained from the resonator shown in Figure 45 is compared to the expected
diffraction limited divergence of the fiber as calculated from section 6.2. The M2 = 1.45 output
from the resonator has a far field divergence of 15.4 mrad in this magnification setup, indicating
that the diffraction limited divergence should be 10.6 mrad. The divergence of the main peak of
the converted beam is 10.2 mrad, and is within the margin of error for the diffraction limited
divergence. Although only 60% of the total power is within the central peak, hurting overall
brightness, it is believed that these sidelobes can be suppressed with an optimized MTBG. It is
currently believed these sidelobes are a result of the narrow angular selectivity of the individual
gratings relative to the angular content of each main peak of the HOM.
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7.5. Optimization
One cause of the sidelobes is believed to be due to the narrow angular selectivity of the
each of the gratings recorded within the MTBG. The finite difference model estimates the
angular diameter of each sidelobe to be ~12 mrad. The angular selectivity the MTBG is in the
range of 14 mrad to 16 mrad, and is ~1.3x larger than the angular diameter of each sidelobe.
According to numerical analysis of fundamental mode selection, this ratio is appropriate for a
resonator to suppress the higher order modes. However, for an ideal system it is preferable to
convert excite the higher order mode in an amplifier and convert the higher order mode to a
single mode beam. This requires much higher modal purity of the converted beam, meaning the
MTBG must have much wider angular selectivity to prevent the MTBG from acting as an
angular filter.
To understand the sidelobe generation due to the narrow angular selectivity, a simple
model was created using a single TBG as an angular filter for a Gaussian beam with an angular
size of 12 mrad FWe-2M. In Figure 50, the transmitted intensity for the aforementioned Gaussian
beam after diffraction with a TBG is plotted. The losses resulting from the narrow angular
selectivity resemble the sidelobes shown in Figure 49. A TBG with angular selectivity between
12 mrad and 18 mrad has sidelobes with similar intensity to the experimentally measured
sidelobes.
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Figure 50: Transmission of a Gaussian beam with 12 mrad FWe-2M diameter diffracted by a
TBG with 6 mrad, 12 mrad, 18 mrad, and 24 mrad FWHM angular selectivity, illustrating one
possible method of sidelobe generation.

In Figure 51, the diffraction efficiency of the diffracted Gaussian beam is plot. Here the
diffraction efficiency is seen to very slowly approach unity for wider angular selectivity. For
99% diffraction efficiency, an angular selectivity approximately 5x the angular diameter of each
sidelobe is needed (60 mrad). However, for 95% diffraction efficiency only a 20 mrad angular
selectivity is needed.
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Figure 51: Calculated diffraction efficiency for a 12 mrad Gaussian beam diffraction by a TBG
with angular selectivity between 0.5 mrad and 30 mrad.

A key design characteristic of the MTBG is the ratio between the angular selectivity of
each grating and the angular separation between the A and B waves. The exact design parameters
don’t have to exactly match the angular content of the desired HOM, as a lens system can be
used to magnify the mode as needed. However, the ratio between the angular diameter of the
sidelobes and the angular separation between the lobes is preserved through magnification.
Experimentally, it is difficult to design a grating with an angular separation less than five times
the angular selectivity of the grating. If 99% of each lobe is to be diffracted (resulting in 98% of
the sidelobes diffracted an 96% of the total power residing in the sidelobes, meaning 95% modal
purity), this means that a TBG with angular selectivity of 60 mrad must have an angular
separation of approximately 300 mrad, and could not be used to excite the 12th mode of the
ribbon fiber being studied. If the width of the ribbon fiber were increased to ~330 μm, the 36th
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mode of the fiber would approximately have an angular separation of 300 mrad and angular
diameter of 12 mrad in each lobe. Effectively this means that HOM conversion is significantly
more useful for larger mode numbers than smaller mode numbers. In principle, this is not a
problem, as higher mode numbers and larger fiber widths are desirable for power scaling.
If a less stringent figure of merit is considered, and only need 95% of each side lobe
diffracted by the TBG, then approximately 87% modal purity could be obtained. In this scenario,
an angular selectivity of 20 mrad would be required to diffract a sidelobe with a 12 mrad angular
diameter. An MTBG with 100 mrad angular separation could be recorded, and such an MTBG
could be used for conversion of the 12th mode of the 107.8 μm width ribbon fiber studied.

7.6. Discussion
A method of simultaneous mode selection and conversion was demonstrated using a
multiplexed TBG. Using this method, the 12th guided mode of a ribbon fiber was excited inside
the fiber while outside of the resonator it was converted to a single lobed beam containing 60%
of the power and with diffraction limited divergence. It is believed that this method could be
useful for the design of a high power fiber amplifier using the ribbon fiber. In this design, the
large mode area wide ribbon fiber will have reduced nonlinear effects and can be cooled for
uniform temperature profile. A higher order mode will be guided in the fiber for reduced cross
coupling between the modes and higher bending stability
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CHAPTER EIGHT: CONCLUDING REMARKS
Increasing the mode area is important for power scaling in lasers. Several methods of
increasing the mode area using transmitting Bragg gratings (TBGs) as angular spatial filters have
been developed using numerical models and through experiments. Applications of the developed
approach to both compact solid state resonators and fiber resonators have been investigated,
allowing for the design of large mode area high brightness lasers.
In solid state lasers, TBGs have been shown to allow for the design of compact resonators
with cavity lengths less than 1 cm, and mode diameters of several millimeters. A numerical
method has been demonstrated, calculating the oscillating electric field distribution within the
TBG resonator using an iterative FFT BPM and the planewave decomposition method of
calculating the diffracted electric field from a TBG. The numerical model shows that the angular
selectivity needed for maximized brightness and diffraction limited beam quality is inversely
proportional to the limiting aperture size. Any thermal lensing within the cavity will reduce the
efficiency of the system, but will have limited impact on the beam quality.
A novel planar solid state laser with 1 cm cavity length and 2 mm pump diameter
(Fresnel number is about 100) has been demonstrated close to single mode operation with an M2
of 1.4. Such a cavity is not possible using a traditional aperture as the spatial filter. The TBG
filtered resonator allows for large mode areas in short cavity lengths.
Secondly, a novel fiber resonator has been demonstrated experimentally. Using a TBG
angular selector for an Yb-doped ribbon type fiber in an external resonator, the brightness of a
laser has been increased 5.1 times, and the beam quality has been improved to a near diffraction
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limited M2 = 1.45. Numerical models based on the gain saturation predict diffraction limited
beam quality could be obtained from fiber resonators with power levels up to 1 kW.
Finally, a novel method of higher order mode selection and simultaneous mode
conversion has been demonstrated using a multiplexed TBG. By recording two gratings in a
single element where at the entrance acceptance angles of TBGs adjusted to the main sidelobes
of a higher order mode and at the exit side Bragg angles of both TBGs are overlapped, the
sidelobes can be coherently combined to a single Gaussian-like diffraction limited beam. By
selecting the higher order mode to oscillate within a gain medium and converting it to s single
Gaussian-like beam at the output coupler, lasers with larger mode area, higher stability, and
higher brightness can be designed.
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